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I.  Some  Spiral  Figures  observable  in  Crystals,  illustrating  the 

Relation  of  their  Optic  Axes.    By  Lewis  Wbight*. 

[Hate  I.J 

The  true  relation  of  the  optic  axes  in  uniaxial  and  biaxial 
crystals  has  always  been  an  interesting  subject.  We  know 
that  if  the  crystals  be  both  polarized  and  analyzed  circu- 
larly, and  we  disregard  any  dispersion  of  the  axes  for  various 
colours,  the  axis  of  a  uniaxial  and  oiie  of  the  two  axes  of 
a  biaxial  present  ultimately  similar  phenomena.  Here^  for 
example,  is  the  well  known  system  of  rings  and  brushes  pre- 
sented by  a  plate  of  calcite  (PL  I.  fig.  1 ).  As  is  well  known,  if 
we  interpose  between  the  polarizer  and  the  crystal  a  quarter- 
wave  plate,  the  black  cross  disappears,  to  be  replaced  by  grey 
nebulous  lines  (fig.  2),  on  alternate  sides  of  which  the  quadrants 
are  dislocated ;  and  if  now  we  interpose  a  second  quarter-wave 
plato  between  the  crystal  and  the  analyzer^  when  the  latter  is 
either  crossed  or  parallel  even  these  lines  disappear,  and  we 
get  simply  a  series  of  circular  rings  with  no  break  whatever 
(fig.  3).  Let  us  now  take  a  plate  of  sugar  cut  across  one  of 
its  two  optic  axes.  This  crystal  is  suitable  for  our  purpose  as 
having  scarcely  any  axial  dispersion,  so  that  one  of  its  axes 
gives   sensible  circles,  which  many  other  biaxials  do  not. 

•  Read  November  12, 1881. 
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Placing  it  in  the  stage^  we  have  a  system  of  rings  traversed 
by  a  straight  brash  (fig.  4),  which,  on  interposing  the  first 
quarter- wave  plate,  becomes  a  grey  line,  on  each  side  of  which 
the  semicircles  are  dislocated  (fig.  5)  ;  but  now  interposing 
the  second  quarter-wave  plate,  we  have  perfect  unbroken 
circles  as  before  (fig.  6). 

Now  this  might  seem  to  imply  that  the  optic  axis  of  the 
uniaxial  calcite  resembled  in  its  character  that  of  a  single 
axis  of  the  sugar,  or  biaxial.  It  need  hardly  be  said  here, 
that  such  was  not  the  view  taken  of  the  matter  by  those  intel- 
lectual giants  who  chiefly  shaped  into  definite  form  the  theory 
of  double  refraction  in  crystals.  Gradually  this  theory  was 
simplified,  until  Fresnel  finally  framed  the  conception  of  three 
elasticities  within  the  crystal  in  the  direction  of  three  rectan- 
gular axes.  If  all  three  elasticities  were  equal,  there  was  no 
double  refraction  ;  if  only  two  were  equal,  there  was  a  single 
axis  of  no  double  refraction  in  the  direction  of  the  third ;  if 
all  were  unequal,  there  were  two  such  optic  axes.  In  any 
conceivable  case  the  wave-surface  could  be  calculated  or  geo- 
metrically projected  upon  this  hypothesis ;  and  it  is  needless 
to  repeat  how,  after  its  author  had  passed  away,  Sir  William 
Hamilton  worked  out  from  his  conceptions  the  remarkable  and 
unforeseen  results  of  conical  and  cylindrical  refraction  which 
were  experimentally  verified  by  Dr.  Lloyd  (also  removed  from 
us  during  the  past  year).  That  extraordinary  verification  of 
Fresnel's  theory,  which  makes  the  optic  axes  mere  resultants 
of  three  rectangular  elasticities,  has  always  been  considered  to 
have  placed  it  upon  an  impregnable  basis,  and  seems  only  to 
have  left  for  future  experiment  the  possibility  of  perhaps  some 
further  illustration,  which  is  the  sole  object  of  this  paper. 

For  observe  that,  according  to  this  theory,  the  optic  axis  of 
our  calcite  would  not  correspond  in  character  witii  a  single 
axis  of  the  sugar  or  any  other  biaxial,  but  must  be  regarded 
as  simply  a  limiting  case  in  which  both  such  axes  coincide. 
This  is  well  illustrated  by  the  celebrated  experiments  of  Pro- 
fessor Mitscherlich  in  gradually  applying  heat  to  crystals, 
especially  to  a  crystal  of  selenite,  and  thereby  altering  by  the 
unequal  expansion  their  respective  elasticities. 

Of  the  two  axes  gradually  approaching  till  they  unite  into 
one  as  the  elasticities  are  gradually  equalized,  there  could  be 
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no  clearer  proof  than  this  old  experiment.  Bnt  it  seemed 
worth  while  to  seek  further  illustration  of  one  particular  point, 
viz.  that  the  axis  of  the  uniaxial  crystal  did  actually  retain  or 
embrace  within  itself,  in  some  visible  form,  optical  characte- 
ristics of  the  two  axes  thus  brought,  temporarily  or  perma- 
nently, into  coincidence.  This  object  seemed  most  likely  to 
be  obtained  by  the  aid  of  quartz,  or  some  other  substance  pos- 
sessing similar  properties  of  rotary  polarization.  Such  sub- 
stances having,  apart  from  their  ordinary  doubly-refractive 
eifects,  two  diiferent  axial  velocities  or  waves  capable  of  being 
brought  into  interference,  and  the  two  axes  of  a  biaxial  being 
according  to  hypothesis  dissimilar,  one  being  principal  and 
the  other  secondary  to  it,  it  seemed  probable  that  by  proper 
means  the  two  axes  might  be  made  to  exert  some  kind  of 
differential  or  selective  action  upon  the  two  sets  of  waves 
passing  through .  the  rotary  substance.  I  was  confirmed  in 
this  expectation  by  the  curious  double  spiral,  first  noticed  by 
Sir  George  Airy,  as  displayed  by  quartz  itself  when  subjected 
to  circularly  polarized  light,  the  cause  of  which  appeared  to  me 
to  be  connected  with  this  very  matter,  as  we  shall  presently 
see  to  be  the  case.  After  observing  with  more  care  than  usual, 
therefore,  the  effects  of  quartz  in  combination  with  other  crys- 
tals in  various  ways,  most  of  which  have  been  described  by 
various  observers,  I  finally  adopted  the  following  arrange- 
ment : — ^We  introduce  first,  next  to  the  polarizer,  a  quarter- 
wave  plate,  then  (in  the  convergent  rays)  a  plate  of  calcite, 
and  next  to  this  a  plate  of  quartz  5  to  7^  millim.  thick.  The 
result  of  this  arrangement  is  the  system  of  double  spirals, 
mutually  enwrapping  each  other,  now  on  the  screen  (fig.  7). 
This  figure  only  chsinges  in  colour,  or  moves  to  or  from 
the  centre,  as  the  analyzer  is  rotated — though  there  are  of 
course  only  certain  complementary  positions  of  the  polarizer, 
related  to  that  of  the  quarter-wave  plate,  which  produce  them. 
The  point  to  be  here  observed  is  the  double  character  of  the 
spiral  in  this  uniaxial  crystal. 

This  figure,  however,  so  closely  resembled  in  all  but  the 
number  of  its  convolutions  the  one  exhibited  by  quartz  alone, 
as  described  by  Sir  George  Airy  in  the  Cambridge  Transac- 
tions for  1831,  that  it  might  possibly  be  due  to  the  quartz 
itself  in  the  convergent  light;  it  was  necessary  to  see  if  there 
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were  any  differential  results  with  other  crystals,  and,  finally^ 
to  see  if  they  remained  when  any  snch  possible  cause  for  them 
was  removed.  A  single  axis  of  sugar  was  therefore  next 
placed  in  the  crj'stal-stage  in  place  of  tie  calcite;  and  the 
result  is  again  before  you  (fig.  8).  Observe  that,  with  this 
single  axis  of  a  biaxial,  we  no  longer  have  the  double  spiral, 
but  a  single  one,  corresponding  exactly  to  the  supposed  rela- 
tion of  which  we  are  in  search,  and  also  showing  that  the 
figures  are  not  proper  to  the  quartz  as  such,  but  to  some  selec- 
tive action  of  the  axes  of  the  other  crystals  upon  the  two  axial 
waves  of  the  quartz  and  their  interferences.  A  single  axis  of 
iron  sulphate,  and  this  crystal,  cut  across  a  single  axis  of  a 
topaz,  gives  similar  single  spirals. 

The  single  axis  being  thus  tested,  we  place  in  the  stage  a 
biaxial  cut  across  both  axes — ^in  this  case  nitre  (fig.  9).  The 
supposed  relation  still  holds  good :  each  axis  now  has  its  own 
distinct  spiral,  and  the  two  mutually  enwrap  one  another  as  in 
the  calcite. 

The  same  is  true  of  crystals  whose  axes  include  much  wider 
angles;  but  to  show  their  spirals  we  must  alter  our  arrange- 
ments.  Extra  convergent  lenses  are  added  in  a  moment;  but 
if  we  placed  a  quartz  plate  in  the  strongly  convergent  light 
we  have  to  employ  to  bring  both  axes  of  such  crystals  upon 
the  screen  togther,  the  rings  and  spirals  proper  to  the  quartz 
itself,  which  have  not  appeared  in  the  very  moderate  conver- 
gence so  far  used,  would  now  appear  so  strongly  as  to  over- 
power and  distort  those  due  to  the  crystals  under  examination. 
We  also  want  to  ascertain  beyond  doubt  that  the  effects  are 
not  due  to  any  convergence  of  the  rays  traversing  the  quartz, 
but  solely  to  selective  action  upon  the  right-handed  and  left- 
handed  waves  traversing  itaxially.    We  therefore  reverse  the 
combination,  placing  a  large  plate  of  quartz  about  7^  millim. 
thick  next  to  the  polarizing  Nicol,  in  the  parallel  rays,  and 
removing  the  quarter-wave  plate  to  a  position  between  the 
crystal  to  be  examined  and  the  analyzer.     Of  course,  as  it  is 
now  the  analyzer  which  is  related  in  position  to  the  quarter- 
wave  plate,  the  spirals  only  appear  in  complementary  posi- 
tions; while,  on  the  other  hand,  when  the  analyzer  is  in  those 
positions  the  polarizer  may  be  completely  rotated.     Of  course, 
also,  we  might  have  adopted  this  arrangement  all  along ;  but 
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I  have  given  the  experiments  as  they  were  made^  in  order  to 
show  how  each  successive  question  was  determined. 

A  multiph'city  of  crystals  would  be  useless:  three  of  various 
angles  will  show  the  uniformity  and  gradation  of  the  pheno- 
mena. Our  former  crystal  of  topaz  cut  across  one  axis,  being 
thin  enough  also  for  the  more  convergent  arrangement,  will 
show  that  the  single  spiral  appears  precisely  as  before,  the 
convolutions  being  simply  closer  in  this  strongly  convergent 
light.  Next  we  will  take  again  the  small  angle  of  another 
nitre  crystal,  cut  thin  enough  to  show  conspicuous  figures  in 
the  convergent  apparatus  (fig.  10).  Observe  that  we  can 
now  barely  distinguish  its  two  spirals,  by  their  oval  contour, 
from  those  just  now  presented  by  the  calcite:  they  are  a  little 
drawn  out,  as  it  were,  precisely  as  we  should  expect ;  and  that 
is  all ;  otherwise  the  visible  elements  are  manifestly  the  same 
in  both.  Arragonite  (fig.  11),  with  an  angle  of  18^  degrees, 
shows  a  spiral  of  several  turns  round  each  axis  ;  but  still  they 
finally  enwrap  each  other :  and  now  mica,  with  an  angle  in 
this  specimen  of  60°  or  70°  (fig.  12),  gives  the  same  pheno- 
mena. With  the  wider  separation,  the  spiral  round  each  axis 
has  room  to  show  separately  more  of  the  character  of  the 
single  axis  of  the  sugar;  but  the  two  always  preserve  the  same 
relation,  and  only  crystals  which,  owing  to  very  powerful  dis- 
persion of  their  axes,  fail  to  show  perfect  lemniscates  in  the 
ordinary  way,  fail  for  the  same  reason  to  show  these  figures 
complete.  Here,  for  instance,  is  a  plate  of  borax,  whose  axial 
dispersion  is  considerable  and  peculiar;  but  as  this  still  leaves 
the  ordinary  lemniscate  curves  tolerably  unbroken,  we  can 
trace  the  spirals  without  difficulty. 

That  these  figures  are  solely  due  to  differential  action  upon 
the  interferences  of  the  quartz  rotational  colours,  we  shall  de- 
monstrate absolutely  in  a  few  minutes  ;  meantime  wo  can 
almost  prove  it  in  two  ways.  First,  though  all  the  arrange- 
ments remain  complete,  the  spirals  disappear  or  lose  their  cha- 
racter in  monochromatic  light ;  and,  secondly,  substituting  a 
quartz  of  opposite  rotation,  the  direction  of  the  spirals  is,  as 
you  see,  reversed. 

And  now  we  will  project  the  beautiful  experiment  of  Prof. 
Mitscherlich,  afterwards  applying  to  it  this  additional  method 
of  analysis.     There  are  the  two  axes  arranged  vertically ;  as 
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we  apply  heat  they  gradually  unite.  The  crystal  is  now  uni- 
axial. And  now  the  axes  open  out  again,  but  horizontally. 
It  is  a  beautiful  demonstration,  which  never  loses  its  fascina- 
tion for  the  student.  We  now  add  our  arrangements  for  the 
spirals.  There  they  are,  arranged  perpendicularly  on  the 
screen.  They  approach  as  the  crystal  is  heated,  till  now  we 
have  them  as  in  the  calcite.  Now  they  open  out  again  in  a 
horizontal  direction,  like  those  of  a  plate  of  nitre  turned  round 
90°  in  its  own  plane.  Observe  that  all  through  we  have  the 
double  spiral.  We  can  only  get  a  single  one  by  taking  a  single 
axis ;  while  the  axis  of  a  uniaxial  always  preserves  what  we 
may  call  its  "twin"  character.  Thus  we  have  the  ocular 
illustration  sought  at  the  commencement,  of  the  precise  rela- 
tion predicated  by  Fresnel's  theory  between  the  axes  of  uni- 
axial and  biaxial  crystals,  and  that  the  former  class  do  con- 
tain, within  their  single  axis,  elements  (capable  of  being  made 
optically  visible)  of  both  the  axes  in  the  latter  class. 

We  have  here  also  objectively  demonstrated  the  reason  of 
the  double  spiral,  first  observed  by  Mr.  Airy,  in  quartz  itself. 
We  see  that  the  quartz,  considered  as  an  ordinary  uniaxial 
crystal,  owing  to  its  peculiar  effects  upon  plane-polarized  light 
passing  through  it  axially,  is  able  to  show  its  own  spirals, 
which  of  course  are  double.  They  are  not  seen  at  all  in  par- 
allel light ;  and,  on  the  other  hand,  if  we  increase  the  rings 
hj  convergence,  the  spirals  become  more  definite.  Here, 
for  instance,  is  a  rather  thin  quartz  (one  of  a  pair  generally 
used  to  show  Airy's  spirals)  :  in  this  strongly-convergent 
circularly  polarized  light,  it  shows  spirals  as  well  defined  as  did 
our  calcite.  A  crucial  test  of  this  view  readily  suggests  itself. 
If  it  be  well  founded,  obviously  we  can  combine  ihe  two  pro- 
peiiies  of  our  quartz  artificially,  as  it  were,  since  .many  fluids 
possess  the  same  power  of  dividing  into  two  opposite  circular 
waves,  diflferently  retarded,  a  plane-polarized  ray.  If  there- 
fore we  take  a  column  of  such  fluid  of  sufficient  length,  and 
any  ordinary  uniaxial  crystal,  the  one  will  represent  the  pecu- 
liar axial  properties,  and  the  other  the  ordinary  doubly- 
refractive  properties  of  the  quartz ;  and  the  two  ought  to  give 
similar  double  spirals.  In  fact  an  adequate  column  of  fluid 
ought  to  replace  the  quartz  successfully  in  all  the  foregoing 
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experiments.  Our  last  step,  therefore,  is  to  prove  that  this  is 
the  case.  I  have  here  a  tube  of  oil  of  lemons  200  millimetres 
(8  inches)  in  length,  which  we  introduce  into  the  parallel- 
plane-polarized  beam  in  place  of  the  quartz,  whose  axial  pro- 
perties it  now  represents.  In  the  crystal-stage  we  adjust  the 
calcite,  which  in  all  except  being  a  negative  crystal  (and  a 
positive  one  would  be  just  the  same)  represents  the  ordinary 
doubly-refractive  properties.  And  now  introducing  the 
quarter-wave  plate  between  crj'stal  and  analyzer,  we  have  the 
spirals  as  given  by  the  quartz  in  all  respects.  The  same 
effects  are  produced  by  other  crystals,  any  slight  inferiority 
being  due  to  the  slightly  yellowish  tint  of  the  fluid,  which  so 
far  approximates  to  homogeneous  light.  Spirit  of  turpentine 
is  free  from  this  defect ;  but  we  could  hardly  project  through  a 
tube  of  sufficient  length. 

These  phenomena  hold  good  through  all  the  ordinary  analo- 
gies with,  or  substitutes  for,  natural  crystals.  This  round  disk 
of  chilled  glass,  placed  in  parallel  light,  which  behaves  in  all 
other  respects  like  a  crystal  in  convergent  light,  also  gives 
double  spirals  like  those  of  the  calcite.  I  have  here  also  an 
artificial  uniaxial  crystal  formed  of  crossed  mica^films,  after 
Norremberg,  and  an  artificial  quartz  of  mica-films,  after 
Reusch,  for  both  of  which  I  am  indebted  to  my  kind  friend 
Mr.  Fox,  who  made  them  with  his  own  hands.  The  first 
gives  the  calcite  spirals  with  a  quarter-wave  plate  and  quartz ; 
the  Beusch  preparation  gives  the  quartz  spirals  with  the 
quarter-wave  plate  alone. 

These  experiments  of  course  add  nothing  to  the  theory  of 
the  matter,  and  make  no  such  pretension;  iheir  whole  interest 
lies  in  the  visible,  ocular  demonstration  they  afford  of  the 
truth  of  conclusions  long  ago  worked  out  by  the  brilliant 
mathematical  genius  of  Fresnel.  But  to  the  best  of  my 
belief  they  are  new;  and  if  it  should  prove  that  some  other 
student  has  been  before  me,  T  hope  the  beauty  of  the  pheno- 
mena may  excuse  my  bringing  them  before  you. 
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II.  On  Irdegraiing  and  other  ApparatitB  for  the  Meagurement 
of  Mechanical  and  Electrical  Forces.  By  C.  Vernon  Boys, 
A,R.S.M.f  Demonstrator  of  Physics  in  the  Normal  School 
of  Science,  South  Kensington*. 

[Plates  n.,  m.] 
When  in  February  of  this  year  I  described  my  first  inte- 
grating-macbinet  before  the  Physical  Society,  I  felt  that, 
nnless  the  tangent  principle  could  be  so  applied  as  to  admit 
of  an  indefinite  growth  of  the  integral,  such  principle 
would  be  useless  for  practical  purposes.  In  that  machine  the 
integral  is  determined  by  the  position  of  a  cart,  and  so  is 
limited  by  the  size  of  the  apparatus.  Since  that  time  I  have 
devised  a  variety  of  methods  of  applying  the  tangent  prin- 
ciple in  which  the  integral  is  determined  by  rotation,  and  so 
there  is  no  limit  to  the  extent  to  which  the  integral  may  grow. 
In  the  following  paper,  which  is  divided  into  two  parts,  I  have 
given  in  the  first  a  description  of  a  variety  of  integrating- 
machines,  while  in  the  second  are  some  useful  applications  of 
the  most  simple  form  of  integrator  described  in  Part  I. 

Part  I. 
At  the  present  time  there  seem  to  be  three  types  of  inte- 
grating-machines :  1st,  those  that  may  be  called  radius 
machines,  comprising  Sang's  planimeter,  Clerk  Maxwell's  sphere 
machine,  and  Sir  James  Thomson's  disk  sphere  and  cylinder 
integrator  (Ashton  and  Storey's  steam-power  meter  also 
comes  under  this  head);  2nd,  sine  or  cosine  machines,  compri- 
sing Amsler's  planimeter  and  mechanical  integrator,  and  the 
various  wind  integrators;  3rd,  tangent  machines,  which,  so 
far  as  I  am  aware,  are  represented  only  by  the  cart  machine 
already  referred  to  and  those  that  are  the  subject  of  this  paper. 
This  class  of  machines  depends  on  the  formula  for  integration, 
which,  in  its  geometrical  application,  finds  a  curve  of  which 

the  steepness  or  the  tangent  of  the  inclination  (i.  e.  -^)  is 

equal  to  the  ordinate  of  the  given  curve  or  to  the  given  func- 

•  Bead  November  26, 1881. 

t  Fn>oeedixig8  of  the  Physical  Society,  vol.  iv.  p.  109. 
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tion.  In  my  former  machine  a  pointer  is  made  to  follow  a 
carve,  and  by  so  doing  causes  a  rod  to  be  inclined  in  snch  a 
manner  that  its  tangent  is  equal  to  the  ordinate.  There  is 
also  a  three-wheeled  cart ;  and  the  plane  of  its  steering-wheel 
is  by  simple  mechanism  kept  parallel  to  this  rod ;  moreover 
the  horizontal  component  of  the  cart's  motion  is  equal  to  that 
of  the  pointer.  Under  these  conditions  the  vertical  compo- 
nent of  the  motion  of  the  cart  (or,  shortly,  its  ascent)  deter- 
mines the  integral. 

I  will  now  show  how  this  principle  is  applied  in  a  series  of 
machines  in  which  the  integral  is  determined  by  rotation  and 
not  by  linear  motion,  and  in  which,  therefore,  the  integral  may 
grow  indefinitely.  At  first  let  us  suppose  that  the  cart  in  my 
first  machine  is  incapable  of  vertical  motion ;  then  it,  in  its 
attempt  to  move  up  or  down,  will  push  the  paper  in  the  oppo- 
site direction.  If  now  the  paper  is  wound  on  a  cylinder  with 
its  axis  beneath  the  path  described  by  the  front  wheel  of  the 
cart,  and  if  the  hind  wheels  are  supported  by  some  other  means, 
then  the  cylinder  will  rotate ;  and  the  rate  of  its  rotation  will 
be  proportional  to  the  ordinate  of  the  given  curve,  and  the 
amount  of  its  rotation  will  be  the  integral  required.  Now  it 
will  at  once  appear  that  the  cart  and  the  parallel  motion  are 
not  wanted,  and  that  the  inclination  of  what  was  the  front 
wheel  of  the  cart,  and  what  may  now  be  called  the  tangent- 
wheel,  may  be  determined  mechanically  by  the  same  method 
that  was  adopted  to  give  inclination  to  the  rod.  Also  if, 
instead  of  moving  the  tangent- wheel  along  the  surface  of  the 
cylinder,  the  cylinder  be  moved  longitudinally  under  the  tan- 
gent-wheel while  its  inclination  is  determined  by  suitable 
means,  then,  as  before,  the  rotation  of  the  cylinder  is  a  mea- 
sure of  the  integral. 

As  the  cylinder  must  necessarily  have  a  finite  length,  it 
cannot  be  caused  to  move  continuously  in  one  direction  under 
the  tangent-wheel,  but  must  be  made  to  reciprocate.  This 
motion  is  most  readily  produced  by  use  of  a  "mangle-motion," 
which  converts  uniform  circular  into  uniform  reciprocating 
motion.  Now,  when  the  motion  of  the  cylinder  is  reversed, 
so  also  Ls  the  direction  of  its  rotation ;  and  therefore  either 
the  action  of  the  tangent-wheel  on  the  cylinder  must  be  re- 
versed, or  there  must  be  a  reversing-gear  between  the  cylinder 
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and  the  mechanism  employed  to  count  its  revolutions.  The 
action  of  the  tangent-wheel  on  the  cylinder  is  most  easily 
reversed  by  having  two  of  them  mounted  in  a  frame  so  that 
they  lie  in  the  same  plane,  but  that  one  is  on  one  side  of  the 
cylinder  and  the  other  is  ou  the  opposite  side.  The  cylinder 
is  made  to  bear  against  one  during  its  forward  stroke,  and 
against  the  other  during  its  return  stroke — ^a  change  readily 
eflFected  by  the  mangle-motion.  Then  the  rotation  of  the 
cylinder  is  independent  of  the  direction  of  its  longitudinal 
motion.  When  it  is  preferred  to  use  only  one  tangent-wheel, 
the  reversal  between  the  cylinder  aqd  the  counting  mechanism 
can  Tbe  easily  and  perfectly  produced  by  using  three  bevel 
wheels  and  a  friction-clutch  actuated  by  the  mangle-motion 
or  even  by  the  change  of  motion  of  the  cylinder. 

If  the  cylinder  could  be  made  long  enough  and  the  ends  bent 
round  so  as  to  join  one  another,  then  continuous  revolution  of 
the  whole  ring  would  take  the  place  of  the  reciprocation  of  the 
cylinder,  and  the  integral  would  be  determined  by  the  rotation 
of  the  ring  round  its  circular  axis.  Such  a  "  smoke-ring  " 
can  scarcely  be  made;  but  an  equivalent  can  be  produced 
without  difficulty.  Let  there  be  four  barrels,  each  with  a  con- 
cave instead  of  a  convex  outline,  mounted  on  a  wheel  with 
their  axes  in  one  plane,  and  with  some  one  generating  line 
on  each  a  quadrant  of  a  common  circle  concentric  with  the 
axis  of  the  wheel.  Also  let  the  four  barrels  be  geared  to  one 
another  by  bevel  wheels  (fig.  1,  Plate  IL).  Now  let  a  tan- 
genir-wheel  be  placed  inside  the  common  circle  so  as  to  touch 
it  at  its  lowest  point ;  then,  if  the  tangent- wheel  lies  in  the 
same  plane  as  the  circle,  revolution  of  the  wheel  supporting 
the  barrels  will  produce  no  rotation  of  those  barrels  ;  but  if 
the  tangent-wheel  is  inclined  at  all,  the  rotation  of  the  bar- 
rels will  be  directly  proportional  to  the  tangent  of  its  inclina- 
tion, and  inversely  proportional  to  the  radius  of  the  barrel  at 
the  point  of  contact.  This  periodical  inequality,  due  to  the 
changing  radius  of  the  barrel,  may  be  eliminated  by  using  a 
second  mechanical  smoke-ring  made  of  a  series  of  convex 
barrels  mounted  on  a  wheel,  with  some  one  generating  line  of 
each  a  portion  of  a  common  circle  which  lies  outside  instead 
of  inside  the  barrels.  In  this,  which  may  be  called  an  outside 
ring,  the  other  being  an  inside  ring,  the  barrels  must  not 
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be  geared  together.  Fig.  2  is  a  plan  on  a  larger  scale,  partly 
in  section,  showing  how  such  barrels  might  be  supported. 
Now,  if  this  outside  ring  is  placed  horizontally  within  the 
inside  ring  and  touching  it  at  one  point,  then  revolution  with- 
out rotation  of  the  inside  ring  will  cause  rotation  without 
revolution  of  the  outside  ring ;  if,  however,  in  consequence  of 
the  inclination  of  the  tangent-wheel,  the  barrels  of  the  inside 
ring  are  caused  to  rotate,  then  such  rotation  will  cause  revolu- 
don  of  the  outside  ring ;  and  this  revolution  will  be  a  true 
measure  of  the  integral,  as  the  outside  ring  and  the  tangent 
wheel  touch  barrels  of  the  inside  ring  at  points  having  the 
same  radius.  The  astronomical  convention  with  respect  to 
the  terms  revolution  and  rotation  has  been  used.  By  revolu- 
tion of  the  ring  is  meant  a  turning  of  the  whole  round  a  centre; 
and  by  rotation  a  turning  of  barrels  round  their  own  axes. 

Instead  of  a  disk,  a  sphere  similarly  mounted  may  be  used 
for  a  tangent-wheel,  with  the  same  result.  Of  course  the 
cylinder  will  be  in  contact  with  the  iSphere  at  a  point  on  its 
equator ;  but  if  the  support  of  this  globe  is  varied  in  position^ 
so  that  the  cylinder  touches  the  sphere  nearer  the  poles,  then 
the  rate  of  rotation  will  depend  not  only  on  any  former  incli- 
nation of  the  plane  of  the  equator  of  the  globe  to  the  axis  of 
the  cylinder,  but  will  also  be  inversely  proportional  to  the 
cosine  of  the  latitude  of  the  point  of  contact.  The  latitude 
should  be  brought  back  to  its  original  value  before  the  rota^ 
tion  of  the  cylinder  is  measured.  Fig.  3  shows  the  cylinder 
in  contact  with  the  sphere  at  a  latitude  X.  It  so  happens  that 
the  radius  in  the  sphere  at  the  point  of  contact  is  equal  to 
cos  \  X  the  i*adius  of  the  sphere ;  but  this  is  not  the  cause  of 
the  introduction  of  that  function,  as  the  rotation  of  the  cylinder 
is  independent  of  the  radius  of  the  tangent-wheel.  The  true 
reason  can  be  readily  discovered  by  a  simple  geometrical  con- 
struction, which,  from  the  length  of  this  paper,  I  omit.  How- 
ever, a  good  illustration  may  be  seen  by  taking  a  bicycle  and 
causing  it  to  lean  over  on  its  side;  then  a  given  twist  of  the 
handles  will  be  found  to  produce  a  greater  deviation  in  the 
direction  of  its  motion  than  would  be  the  case  if  the  bicycle 
were  upright.  The  effect  just  described  is  most  easily  pro- 
duced by  mounting  the  cylinder  on  a  rocking-frame,  so  that  it 
can  roll  round  the  ball.     Though  the  axis  marked  A  in  the 
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figure  remains  vertical,  yet  the  effect  may  be  considered  as 
dae  to  a  leaning  to  one  side  of  this  axis.  If,  however,  the 
axis  A  is  caused  to  lean  forwards  or  backwards,  then  the  rota- 
tion of  the  cylinder,  which  is  still  proportional  to  the  tangent 
of  any  rotation  about  A,  is  also  proportional  to  the  sine  of  the 
inclination  of  A  above  the  horizon ;  so  that  if  A  is  horizontal, 
no  rotation  about  A  as  an  axis  will  produce  any  effect;  but  as 
A  rises  higher,  increased  rotation  of  the  cylinder  will  be  pro- 
duced, the  maximum  being  when  A  is  vertical.  As  in  the 
former  case,  so  here,  the  inclination  of  A  should  be  brought 
back  to  its  original  value  before  the  rotation  of  the  cylinder  is 
measured.  This  is  the  method  of  steering  a  wheelbarrow  when 
pushing  it.  The  elevation  of  the  handles  corresponds  to  the 
inclination  of  A  with  the  horizon;  the  equality  of  the  elevation 
of  the  two  handles  corresponds  to  absence  of  rotation  about  A; 
therefore  the  barrow  goes  straight.  When  turning  a  corner 
the  outer  handle  is  elevated  more  than  the  inner  one ;  this 
corresponds  to  rotation  about  A;  and  the  tangent  of  this  rota- 
tion, multiplied  by  the  sine  of  the  elevation  of  the  handles, 
measures  the  deviation  of  the  ban*ow  from  its  straight  course. 
This  deviation,  then,  is  greater  as  the  elevation  of  the  handles 
is  greater,  and  therefore  in  going  round  a  sharp  corner  the 
handles  should  be  raised  as  much  as  possible.  By  the  means 
above  described,  either  the  quotient  or  the  product  of  two 
functions  may  be  directly  integrated. 

As  in  my  former  integrating-machine,  so  with  these,  the 
reciprocal  of  a  function  may  be  integrated  by  first  inclining  the 
tangent-wheel  through  a  right  angle;  then,  when  a  function 
passes  through  0  from  +  to  — ,  the  tangent- wheel  describes 
on  the  surface  of  the  cylinder  a  cusp  showing  a  momentary 
infinite  motion.  A  machine  so  arranged  may  be  used  to 
integrate,  not  the  reciprocal,  but  the  function  itself,  if,  instead  of 
moving  the  cylinder  longitudinally,  it  is  caused  to  rotate,  when 
the  longitudinal  motion,  or  the  number  of  reciprocations  if 
suitable  gearing  is  employed,  will  measure  the  integral.  In  a 
similar  way  the  machine  as  first  described  will  integrate  a 
reciprocal. 

If  for  any  purpose,  in  addition  to  the  total  result,  the  inte- 
gral up  to  any  time  is  required,  a  diagram  must  be  drawn. 
This  can  be  effected  by  covering  the  cylinder  with  a  layer 
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of  black  tracing-paper,  and  allowing  a  band  of  paper  as  wide 
as  the  cylinder  is  long  to  pass  between  the*  tangent-wheel  and 
the  black  surface.  The  length  of  paper  passed  through  the 
machine  represents  the  integral;  and  the  curve  drawn  shows 
its  rate  of  growth  continuously.  Should  it  only  be  required 
to  know  the  amount  of  growth  during  each  of  a  series  of  short 
intervals  of  time,  a  narrow  band  (which  is  more  manageable) 
may  be  used  wrapped  round  a  small  wheel  at  the  end  of  the 
cylinder,  and  so  arranged  that  at  the  end  of  each  double  stroke 
of  the  cylinder  it  is  caused  to  bear  against  the  point  of  a  sta- 
tionary pencil ;  then  the  pencil-marks  represent  equal  intervals 
of  time,  while  the  distances  between  them  measure  the  ave- 
rage rate  of  growth  over  each  interval. 

I  have  at  present  supposed  that  the  integrating  surface  is 
cylindrical;  but  other  surfaces  of  revolution  maybe  employed 
for  particular  purposes.  As  the  rotation  of  the  cylinder  de- 
pends on  the  linear  motion  of  its  surface,  it  is  clear  that  its 
rotation  must  be  inversely  proportional  to  its  diameter.  If, 
therefore,  instead  of  a  cylinder  any  other  surface  of  revolution 
is  taken,  its  rate  of  rotation  will  depend  not  only  on  the  inclina- 
tion of  the  tangent- wheel,  but  also  on  the  radius  of  contact.  The 
simplest  case  is  that  of  a  disk  with  the  tangent-wheel  mounted 
so  as  to  be  capable  of  radial  movement.  Then,  if  the  tangent- 
wheel  moves  in  the  direction  of  its  own  plane,  it  will  simply 
describe  on  the  disk  a  radial  line,  and  there  will  be  no  rotation; 
but  if  it  is  inclined  at  any  given  angle  the  disk  will  rotate,  and 

the  rate  of  its  rotation  will  be  proportional  to  -,  and  its  whole 

rotation  will  be  j  ~<ir,  which  is  log  r.  Now  the  tangent-wheel, 

in  its  movement  outwards,  describes  on  the  surface  of  the  disk 
a  spiral  which  everywhere  cuts  the  radii  at  the  same  angle ; 
therefore  in  such  a  spiral  the  angles  are  the  logarithms  of  the 
radii ;  i,  e.  it  is  the  logarithmic  spiral.  If  the  inclination  of 
the  tangent-wheel  is  made  to  depend  on  some  function,  then 

such  double-disk  machine  would  integrate  -^  At?,  in  which 
e  is  the  radius  of  contact  when  ^=0. 

If  the  axis  of  the  tangent-wheel  is  made  to  pass  through  a 
fixed  point  over  the  disk  removed  from  its  line  of  travel  by  a 
right  angle,  then  the  tangent  of  its  inclination  to  the  direction 
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of  its  motion  is  proportional  to  the  radius  of  contact :  but^ 
other  things  being  equal^  the  rotation  of  the  disk  is  inversely 
as  the  radius  of  contact ;  therefore  the  amount  of  rotation  of 
the  disk  for  a  given  movement  of  the  tangent-wheel  is  inde- 
pendent of  the  radius  of  contact,  and  the  curve  traced  out  on 
the  disk  is  the  spiral  of  Archimedes.  But  if,  instead  of  passing 
over  a  disk,  the  tangent-wheel  similarly  mounted  is  made  to 
pass  along  the  surface  of  a  cylinder,  then  the  speed  of  rotation 
of  the  cylinder  will  be  proportional  to  the  distance  of  the  disk 

from  its  neutral  position,  and  its  whole  rotation  will  be  Jc^d^ar, 

>• 
or  xo?^,  and  the  curve  described  on  the  cylinder  will  be  a 

parabola.  This  arrangement  of  the  disk  and  cylinder  may  be 
used,  as  described  on  page  16,  in  a  polar  planimeter  to  illus- 
trate the  formula  f  Jr  dr  dd. 

After  the  cylinder  and  disk,  the  most  simple  form  for  an 
integrating  surface  is  that  of  a  sphere.  Let  a  sphere  be  sup- 
ported, with  its  axis  horizontal,  on  a  frame  which  can  be 
made  to  reciprocate  about  a  vertical  axis  which  would,  if  con- 
tinued, pass  through  the  centre  of  the  sphere ;  then,  if  a  tan- 
geni^wheel  is  fixed  so  as  to  lie,  when  its  inclination  is  nothing, 
in  the  horizontal  plane  which  passes  through  the  axis  of  the 
sphere,  angular  reciprocation,  which  must  be  less  than  180°, 
will  cause  the  tangent-wheel  to  describe  on  the  sphere  a  me- 
ridian when  it  is  in  its  neutral  position,  or  a  rhumb  line  if 
inclined  at  a  constant  angle.  As  the  speed  of  rotation  of  the 
sphere  is  inversely  proportional  to  the  radius  of  contact — that 
is,  to  the  cosine  of  the  latitude  of  the  point  of  contact — some 
means  must  be  adopted  whereby  the  rotation  recorded  is  less 
than  the  rotation  of  the  sphere  in  the  same  ratio.  The  most 
simple  plan  is  to  use  Amsler's  principle,  and  mount  a  small 
sliding  and  rolling  wheel  so  as  to  be  in  contact  with  the  sphere 
at  the  highest  point  on  the  equator  (t.  e.  90^  from  the  tan- 
gent-wheel), but  with  its  plane  passing  through  the  centre  of 
the  tangent-wheel ;  then  the  rotation  of  the  Amsler  wheel  is 
always  less  than  the  rotation  of  the  sphere,  in  the  same  ratio 
that  the  rotation  of  the  sphere  is  too  great.  Instead  of  an  * 
Amsler  wheel,  a  cylinder  capable  of  moving  longitudinally  on 
its  horizontal  axis,  and  in  contact  with  the  sphere  at  a  point 
exactly  opposite  to  the  tangent-wheel,  would,  by  pure  rolling 
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and  without  any  sliding,  take  off  the  correct  proportion  of 
motion,  since  it  and  the  tangent-wheel  always  touch  the 
sphere  at  points  having  the  same  radius. 

Fig.  4  is  a  perspective  view  of  a  polar  planimeter  in  which 
the  integration  is  effected  by  a  disk  sphere  and  Amsler  wheel, 
as  described.  All  the  parts  marked  a  belong  to  a  rigid  frame, 
which  balances  on  and  can  turn  about  a  vertical  spindle, 
the  top  of  which  is  just  visible  below  the  tangent-wheel  U 
The  vertical  spindle  is  fastened  to  the  stationary  wheel  «?, 
which  rests  on  three  feet.  The  segmental  wheel  W  in  gear 
with  w  is  secured  to  a  vertical  spindle,  the  upper  end  of  which 
carries  the  crutch  C.  Screws  in  the  crutch  form  the  hori- 
zontal axis  about  which  the  sphere  S  may  rotate.  The  tan- 
gent-wheel /  is  mounted  in  a  frame  which  can  be  turned 
about  a  horizontal  axis  e  by  means  of  a  lever  L  The  Amsler 
wheel  rests  by  its  weight  on  the  highest  point  of  the  equator 
of  the  sphere,  which  is  shown  dotted.  D  D  is  an  L-shaped 
piece,  which  carries  at  the  angle  the  pointer  P.  At  the  end 
of  the  long  limb  is  a  slot  embracing  a  pin,  as  shown.  A  pai-t 
of  the  short  limb  is  made  cylindrical ;  against  this  part  rests 
the  edge  of  the  lever  Z.  This  edge  is  not  truly  radial,  but  is 
laterally  displaced  from  the  radial  position  to  an  extent  equal 
to  the  radius  of  the  cylindrical  part  of  D  D.  This  causes  the 
true  radius,  which  is  parallel  to  the  axis  of  the  tangent-wheel, 
to  intersect  the  axis  of  the  cylinder.  Now,  if  the  pointer  P 
is  moved  radially  in  the  slot  prepared  for  it,  it  is  clear  that 
the  tangent  of  the  inclination  of  the  tangent-wheel  i  will 
be  proportional  to  the  square  of  the  distance  of  P  from  the 
vertical  axis  about  which  the  machine  can  turn,  also  that, 
during  any  turning  of  the  machine  about  this  axis,  the  sphere 
will  turn  about  its  vertical  axis  at  a  proportionate  speed.  Now 
it  has  been  shown  that,  when  the  sphere  is  made  to  turn  about 
its  vertical  axis,  the  rate  of  rotation  of  the  Amsler  wheel  is 
proportional  to  such  rotation  multiplied  by  the  tangent  of  the 
inclination  of  the  tangent-wheel — that  is,  in  this  case  to  r^  dO. 
Therefore  the  whole  rotation  of  the  Amsler  wheel  is  a  measure 
oi\i^dO  \  and  so,  if  the  pointer  P  is  taken  round  any  closed 
curve,  the  area  of  that  curve  may  be  read  off  from  the  Amsler 
wheel.  The  wheel  W  is  three  times  the  radius  of  m?  ;  so  that 
the  pointer  may,  if  necessaiy,  be  taken  completely  round  the 
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pole,  and  j-et  the  tangent-wLeel  will  only  move  120°  on  the 
sphere  in  latitude.  The  diameter  of  the  Amsler  wheel  is  one 
third  of  that  of  the  sphere,  so  as  to  restore  the  diminished 
speed.  Unlike  Amsler's  planimeter,  this  one  shows  the  incre- 
ment of  area  for  eaoh  part  of  a  closed  curve,  the  reason  being 
that  it  is  an  exact  mechanical  equivalent  of  the  polar  formula 
for  integration.  Though  the  machine  works  very  well,  it 
cannot  be  compared  to  Amsler's  as  a  piracticallj  convenient 
instrument. 

An  exact  mechanical  equivalent  of  the  formula  ^^rdrdO 
would  be  produced  by  retaining  all  the  last  machine,  except 
the  short  limb  of  the  L-shaped  piece  D  D,  and  mounting  on 
the  long  limb  a  tangent-wheel  to  traverse  a  cylinder,  the  rate 
of  rotation  of  which  for  a  given  radial  movement  of  the  pointer 
would  be  proportional  to  the  distance  of  the  pointer  from  the 
pole — that  is,  to  rdr — ^and  the  whole  rotation  would  be  J  r  dr. 
Now,  if  the  cylinder  were  by  its  rotation  caused  to  change  the 
inclination  of  the  lever  I  so  that  the  tangent  of  the  inclination 
of  I  was  proportional  to  the  whole  rotation  of  the  cylinder 
then,  when  the  pointer  was  taken  round  a  curve,  the  rotation 
of  the  Amsler  wheel  would  be  Jf rdr d^.  In  either  case, 
instead  of  an  Amsler  wheel,  a  cylinder  mounted  as  described 
on  the  last  page  would  give  the  integral. 

Part  II. 
The  practical  value  of  the  tangent  principle  depends  on  the 
fact,  that  the  only  operation  required  of  the  function  to  be  in- 
tegrated is  that  of  turning  more  or  less  a  spindle  and  tangent- 
wheel,  which  may  be  as  light  and  delicate  as  any  part  of  a 
watch,  and  of  which  the  moment  of  inertia  may  be  inappre- 
ciable. This  is  in  marked  contrast  to  what  is  necessary  in 
radius  machines:  the  friction  in  the  common  double  disk  or 
disk  and  cone  integrator,  or  the  inertia  of  the  ball  in  Sir 
James  Thomson's  machine,  would  be  quite  sufficient  to  make 
the  former  useless  for  the  integration  of  such  delicat,e  forces  as 
depend  on  the  actions  of  electricity,  or  the  latter  inapplicable 
to  machinery  in  rapid  movement.  Another  point  about  tan- 
gent machines  is,  that  the  whole  process  of  integration  is  the 
result  of  pure  rolling,  and  any  doubt  that  may  be  felt  as  to 
the  effect  of  the  sliding  action  on  the  accuracy  of  cosine 
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machines  is  here  removed.  The  rest  of  this  paper  describes 
some  applications  of  the  disk-cylinder  integrator  some  of  which 
are  likely  to  be  of  practical  valne. 

Engine^power  Meter, 

As  work  is  motion  multiplied  by  pressure,  the  work  done 
in  an  engine  may  be  found  by  integrating  the  diflFerence  of 
pressure  on  the  two  sides  of  the  piston  with  respect  to  the 
motion  of  the  piston.  For  any  one  stroke,  this  is  usually 
done  by  measuring  the  areas  of  the  indicator-diagrams,  one 
taken  at  each  end  of  the  cylinder,  and  repeating,  so  as  to  get 
an  average  value.  But  as  the  work  done,  or  the  area  of  the 
diagram,  is  subject  to  variation  depending  on  the  load,  pres- 
sure, and  speed,  only  guesses  can  be  made  as  to  the  whole 
amount  of  work  that  has  been  done  by  an  engine  during  any 
length  of  time.  Any  machine,  therefore,  that  will  automati- 
cally find  the  total  work  done  should  be  of  value,  not  only  to 
users  of  engine-power,  but  especially  to  experimentalists  who 
are  engaged  on  testing  the  efficiency  of  engines,  and  on  other 
subjects  where  total  work  done  should  be  known.  It  is  only 
fair  to  mention  that  Messrs.  Ashton  and  Story  have  an  engine- 
power  meter  in  which  the  integration  is  effected  by  a  double- 
disk  integrator  acting  on  the  radius  principle ;  but  it  necessa- 
rily suffers  from  the  defects  common  to  all  radius  machines. 
The  disk-and-cylinder  is  especially  applicable  to  this  particular 
case;  for  it  is  only  necessary  to  make  the  cylinder  reciprocate 
with  the  piston  of  the  engine,  the  motion  being  of  course  re- 
duced to  a  convenient  amount,  and  to  make  the  tangent  of  the 
inclination  of  the  disk  vary  with  the  difference  in  pressure  on 
the  two  sides  of  the  piston  of  the  engine.  Then,  at  any  moment, 
the  cylinder  will  turn  with  a  speed  which  is  proportional  to 
the  rate  at  which  work  is  being  done,  and  the  number  of 
revolutions,  as  measured  by  a  counter,  will  be  a  measure  of 
the  work  done  in  foot-pounds  or  other  units  during  any  time. 
Figs.  5  and  6  are  views  of  an  engine-power  meter,  each  partly 
in  section.  A,  A  are  two  boxes  with  flexible  covers,  like  the 
corrugated  plate  in  an  aneroid  barometer.  They  may  be 
filled  with  a  mixture  of  glycerine  and  water  or  other  liquid, 
and  connected  each  with  one  end  of  the  cylinder  of  the  engine. 
Each  diaphragm  will  feel  the  pressure,  but  not  the  heat,  of  the 
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steam  or  gas  in  the  cylinder.  The  two  diaphragms  are  con- 
nected by  the  rod  r ;  and  so  the  effective  force  tending  to  bend 
the  diaphragms  is  the  difference  of  pressure  at  the  two  ends  of 
the  cylinder.  This  is  the  force  acting  on  the  piston  of  the 
engine.  Inclination  is  given  to  the  tangentr-wheel  t  by  the 
rod  r  by  a  pin  working  in  a  radial  slot^  as  is  better  shown  in 
fig.  7.  This  arrangement  causes  the  tangent  of  the  inclination 
of  the  tangent-wheel  to  be  proportional  to  the  displacement  of 
the  rod  r,  and  so  to  the  force  acting  on  the  piston.  C  is  the 
integrating-cylinder,  which  is  capable  of  sliding  along,  but  of 
tnrning  with  a  wire  W,  w^hich  may  be  grooved  or  polygonal ; 
pinion-wire  is  very  suitable.  The  integrating-cylinder  is 
caused  to  reciprocate,  by  means  of  a  yoke  Y  and  lever  L,  in 
time  with  the  piston  of  ihe  engine.  The  stroke  is  reduced  to 
a  convenient  amount  by  attaching  a  string  from  the  piston- 
rod  to  a  suitable  part  of  the  lever  L.  Now,  as  the  rate  at 
which  the  cylinder  turns  is  proportional  to  the  longitudinal 
motion  of  the  integrating-cylinder  multiplied  by  the  tangent 
of  the  inclination  of  the  tangent-wheel,  and  as  this  is  propor- 
tional to  the  motion  of  the  piston  multiplied  by  the  force 
urging  it,  u  e.  to  the  work  being  done,  the  whole  number  of 
the  revolutions  of  the  cylinder  will  measure  the  whole  amount 
of  work  done.  If  the  instrument  gets  out  of  adjustment  so 
that  the  tangent-wheel  is  not  parallel  to  the  axis  of  the  cylin- 
der when  there  is  no  force,  then  whatever  error  it  makes  in  a 
forward  stroke  it  will  take  off  in  the  return  stroke ;  so  that  no 
accumulating  error  will  be  produced.  The  diaphragms  may 
either  be  made  of  steel  or  highly  elastic  metal,  in  which  case 
they  form  their  own  springs ;  or  a  softer  metal,  controlled  by 
an  external  spring,  might  be  used.  If  a  diagram  is  required, 
one  may  be  drawn  as  described  on  page  13.  But  it  will  not  be 
a  diagram  such  as  is  drawn  by  an  ordinary  indicator,  but  the 
integral  curve  of  such  a  diagram ;  so  that  force,  instead  of 
being  represented  by  the  length  of  an  ordinate,  will  be  repre- 
sented by  steepness.  Instead  of  diaphragms  as  described, 
spring  pistons  or  Bourdon  pressure-gauge  tubes  might  bo 
employed  to  give  inclination  to  the  tangent-wheel. 

Integrating  Dynamometers. 
The  disk-cylinder  integrator  may  be  applied  to  measure  the 
whole  amount  of  work  transmitted  by  shafting  or  belting.     In 
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the  case  of  shafting,  what  is  called  a  differential  coupling — that 
is,  a  contrivance  which  transmits  any  motion,  bat  measures 
the  force  causing  such  motion — is  employed  to  give  inclination 
to  the  tangent- wheel.  In  the  case  of  belting,  any  of  the  known 
dynamometers  may  be  employed  for  the  same  purpose;  while 
a  mangle-motion  .driven  by  the  revolving  shaft  or  travelling 
band,  causes  the  cylinder  to  reciprocate.  Either  of  the  methods 
given  on  page  10  may  be  employed  to  produce  continuous 
growth  of  the  integral  in  one  direction.  As  the  work  trans- 
mitted  at  any  moment  is  force  multiplied  by  motion,  and  as 
the  tangent  of  the  inclination  of  the  tangent-wheel  is  propor- 
tional to  the  force,  while  the  reciprocating  motion  of  the 
cylinder  is  proportional  to  ihe  motion,  the  rate  of  revolution  of 
the  integrating  cylinder  will  be  proportional  to  the  rate  at 
which  work  is  being  done,  and  the  whole  number  of  revolu- 
tions will  give  the  whole  amount  of  work  done.  If  at  any 
time  the  force  causing  the  motion  should  change  sign  and  so 
resist  it,  as  is  the  case  in  an  engine  when  there  is  much  cush- 
ioning, then  the  tangent-wheel  will  incline  the  other  way  and 
take  off  from  the  record  a  corresponding  amount  of  work. 

Electric- Current  Meters. 
The  application  of  the  disk-cylinder  integrator  to  an  eleo 
trie-current  meter  is  very  obvious.  Figs.  8  and  9  are  two  views 
of  an  electric  meter,  in  which  the  inclination  of  the  magnet  M 
is  effected  by  the  electric  current  passing  in  a  large  coil  sur- 
rounding the  instrument.  The  magnet  M  and  the  tangent- 
wheel  t  are  each  fixed  on  the  same  spindle,  which  is  vertical, 
and  which  is  very  light  and  delicate.  The  weight  of  the  mag- 
net produces  the  necessary  pressure  between  the  tangent- 
wheel  and  the  integrating-cylinder  C ;  and  as  the  surface  of 
each  is  convex,  the  friction  resisting  the  turning  of  the  tan- 
gent-wheel by  the  magnet  is  very  small.  The  cylinder  is 
supported  in  a  bell-crank  frame  F,  which  can  be  made  to  reci- 
procate along  the  wire  W  by  means  of  the  mangle-motion  m  m. 
The  mangle-motion  is  actuated  by  clockwork,  which  may  be 
wound  by  the  current  itself  when  necessary,  should  such  a 
course  be  desirable.  Fig.  10  shows  the  construction  of  a  suitable 
mangle-motion.  The  pinion  can  turn,  but  not  move  otherwise, 
while  tJie  frame  carrying  the  racks  can  move  either  longi- 
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tudinally  or  laterally.  A  pin  projecting  centrally  from  the 
pinion  enters  the  slot^  which  is  shaded  in  the  figure,  and  so 
causes  the  pinion  to  gear  with  the  two  racks  alternately.  This 
lateral  movement  of  the  rack-frame  is  made  use  of  to  depress 
the  integrating-cylinder  during  its  back  stroke,  at  which  time 
the  magnet  rests  on  the  shoulder  S.  As  the  tangent  of  the 
inclination  of  the  tangent^wheel  is  proportional  to  the  current- 
strength,  and  as  the  rate  of  rotation  of  the  cylinder  is  propor- 
tional to  the  tangent  of  the  inclination  of  the  tangent-wheel, 
the  cylinder  will  turn  with  a  speed  which  is  proportional  to 
the  current-strength,  and  the  whole  number  of  turns,  as  shown 
by  the  counter,  will  be  a  measure  of  the  quantity  of  electricity 
that  has  passed.  In  the  arrangement  described,  time  is  divided 
into  a  great  number  of  equal  intervals,  and  the  current-strength 
during  each  alternate  one  considered.  After  any  consider- 
able time,  such  a  sampling  of  the  current  would  give  just 
as  exact  a  result  as  would  be  obtained  by  integrating  continu- 
ously. A  quick-return  mangle-motion  might  be  employed  to 
diminish  the  proportion  of  ineflFective  time;  or  the  whole  time 
could  be  made  effective  by  keeping  the  cylinder  in  continuous 
contact,  and  actuating  a  reversing-gear  between  the  cylinder 
and  a  counter  by  means  of  the  lateral  movement  of  the  mangle- 
motion.  It  would  be  well  to  employ  a  catch  on  the  armature 
of  a  subsidiary  electromagnet,  so  as  to  stop  the  clockwork, 
except  when  a  current  is  passing.  This  current-meter,  like 
Edison's  electrolytic  meter,  is  a  direction-meter.  If  the  cur- 
rent is  passing  in  one  direction,  it  counts  it  positive ;  if  in 
the  opposite  direction,  it  counts  it  negative.  A  revei-ser  actu- 
ated by  a  polarized  armature  could  be  employed  to  make  the 
meter  count  as  positive,  a  current  passing  either  way,  and  so 
make  it  applicable  to  the  case  of  alternating  currents.  An- 
other kind  of  current-meter,  which  is  by  its  nature  indepen- 
dent of  the  direction  of  the  current,  would  be  preferable  to  the 
magnetic-needle  meter  and  reverser  combined. 

Figs.  11  and  12  represent  an  electric-energy  meter,  which 
will  be  described  later ;  but  they  will  serve  as  diagrams  to 
illustrate  a  description  of  the  second  current-meter,  m  m  is 
the  mangle-motion,  which  causes  the  cylinder  C  to  reciprocate 
and  bear  alternately  against  the  two  tangent-wheels  tt. 
These  wheels  are  mounted  in  a  common  swivelling-frame. 
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which  ordinarily  is  kept  vertical  by  the  weights  X  X,  but 
which  may  be  inclined  by  a  force  due  to  any  cause  tending  to 
turn  the  beam  B.  Now  the  turning-power  of  the  weights 
X  X  varies  as  the  sine  of  the  inclination ;  while  the  turning- 
power  of  a  force  acting  downwards  applied  to  the  point  p  varies 
as  the  cosine  of  the  inclination ;  therefore  the  beam  will  set 
itself  at  such  an  angle  that  the  tangent  of  the  inclination  is 
proportional  to  the  force.  If;  therefore^  the  point  p  of  the 
beam  can  be  pulled  downwards  by  a  force  which  is  propor- 
tional to  the  strength  of  the  current,  an  electric  meter  will  be 
the  result.  The  coils  shown  in  the  diagrams,  which  belong  to 
the  energy-meter,  must  be  removed  and  replaced  by  an  elec- 
tromagnet and  armature  of  peculiar  construction.  Let  there 
be  an  electromagnet  with  pole-pieces  a  certain  distance  apart, 
and  let  there  be  between  them  a  wedge  of  iron  at  its  narrow 
end  increasing  in  thickness  or  width  rapidly,  and  towards  its 
thicker  parts  much  more  slowly ;  then,  on  moving  such  a 
wedge  forwards  between  the  poles,  but  without  touching  them, 
it  will  at  first  facilitate  by  its  movement  magnetic  induction 
at  a  great  rate  ;  and  as  it  fills  up  the  space,  even  though  the 
induction  through  it  is  greater,  yet  the  increase  of  ihat  induc- 
tion is  less.  Now,  as  the  rate  at  which  magnetic  induction  is 
incre<ised  by  movement  measures  the  force  with  which  such  a 
wedge  is  pulled  forwards,  the  wedge  will,  if  suitably  formed, 
experience  a  force  with  a  given  current-strength  which  is  less 
as  its  entrance  is  greater,  except  over  a  small  space  near  its 
starting  position,  where  the  force  should,  if  possible,  be  infi- 
nite. Also,  if  the  wedge  is  fixed  in  position  and  the  current 
made  to  vary,  it  will,  so  long  as  the  magnetic  limit  is  not  ap- 
proached, experience  a  force  which  varies  as  the  square  of  the 
current ;  therefore,  if  the  motion  of  the  wedge  is  resisted  ex- 
ternally by  a  force  which  varies  as  its  displacement,  it  will 
enter  to  such  an  extent  that  the  amount  of  its  entrance  is  pro- 
portional to  the  current.  Let  such  a  wedge  be  carried  by  the 
beam  B,  so  that  when  it  is  at  its  zero  position  the  beam  is 
horizontal ;  then  the  inclination  of  the  beam  will  be  greater 
when  the  current  is  greater,  and,  except  with  very  weak  cur- 
rents, may  be  made  to  vary  so  that  its  tangent  is  proportional 
to  the  current.  The  same  principle  might  be  applied  in  an- 
other way  by  causing  rotation  instead  of  linear  movement  of 
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the  annature  to  facilitate  induction,  and  by  resisting  such 
motion  by  a  pendulum-weight  as  before,  or  by  a  hair-spring. 
The  armature  then  would  have  to  be  shaped  something  like 
an  S,  and  adjusted  experimentally  so  as  to  give,  except  with 
very  small  currents,  a  deflection  whose  tangent  is  proportional 
to  the  current.  In  Sprague's  or  Edison's  electrolytic  meters 
(the  only  ones  of  which  I  have  heard  which  can  lay  any  claim 
to  being  called  current-meters  at  all)  a  portion  only  of  the 
current  is  sent  through  the  meter,  and  the  rest  passed  by 
in  a  shunt.  Now,  if  it  were  certain  that  ihe  same  proportion 
of  the  whole  current  always  passed  the  meter,  there  would  be 
no  objection  to  such  a  course  ;  but  as  a  rise  in  temperature 
makes  an  electrolyte  a  better,  and  a  metal  a  worse  conductor, 
any  electrolytic  meter  combined  with  a  shunt  would  have  a 
tendency  to  show  too  much  in  warm  weather  or  if  warmed 
by  the  current  If,  again,  there  is  any  polarization,  and  that 
polarization  is  not  strictly  proportional  to  the  current,  then 
another  error  will  be  introduced.  It  would  seem  therefore 
necessary,  if  accurate  indications  are  required,  to  make  the 
whole  current  pass  through  an  electrolytic  meter. 

Electric-Etiergy  Meters, 
Since  the  energy  expended  by  an  electric  current  between 
any  two  points  is  equal  to  the  current  multiplied  by  the  dif- 
ference of  potential  of  those  points — ^thatis,  to  the  main  current 
multiplied  by  a  shunt  current  passing  in  a  wire  of  high  resist- 
ance between  the  two  points — an  electric-energy  meter  may  be 
made  by  combining  two  electric-current  meters,  which  take 
account  of  the  direction  in  which  the  electricity  passes,  in 
such  a  way  that  the  first  integrates  the  main-current  strength, 
and  that  the  mangle-motion  of  the  second  is  driven  by  the 
integrating-cylinder  of  the  first :  then,  if  the  needle  of  the 
second  is  deflected  by  the  shunt  current,  the  rotation  of  the 
second  cylinder  will  give  the  integral  of  the  energy  expended. 
This  is  obvious ;  for  the  rate  of  rotation  of  the  second  cylinder 
is  proportional  to  its  rate  of  reciprocation  multij)lied  by  the 
tangent  of  the  inclination  of  its  tangent- wheel — that  is,  to  the 
strength  of  the  current  in  the  first  machine  multiplied  by  the 
strength  of  the  current  in  the  second  ;  so  its  rate  of  turning 
is  proportional  to  the  rate  at  which  energy  is  being  expended. 
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and  its  whole  rotation  is  a  measure  of  the  total  energy.  If  at 
any  time  either  the  main  or  the  derived  current,  but  not  both^ 
changes  sign,  then  the  second  cylinder  will  begin  to  turn  the 
other  way,  showing  that  the  current  is  not  doing  work  in  the 
portion  of  the  conductor  between  the  points,  but  is  being 
caused  to  flow  by  an  action  of  some  kind  taking  place  in  that 
portion.  If  both  currents  change  sign,  then,  as  before,  work  is 
being  done ;  and  though  the  first  machine  is  working  back- 
wards, the  second  is  working  forwards.  A  combination  of 
two  machines,  as  described,  would  integrate  both  the  current 
and  the  energy.  A  more  simple  and  practicable  machine  for 
integrating  energy  alone  is  shown  in  figs.  11  and  12.  The 
integrating  mechanism  has  been  already  described;  the  elec- 
trical principles  employed  must  now  be  explained.  If  two 
wires,  one  conveying  the  main  current  and  the  other  the  de- 
rived current,  are  near  one  another,  they  will  attract  or  repel 
one  another  with  a  force  which  is  proportional  to  the  product 
of  the  two  currents — that  is,  to  the  energy  being  expended; 
but  if  the  wires  are  allowed  to  move,  the  force  will  depend 
also  on  the  position.  The  question  then  is,  how  can  the  wires 
be  so  arranged  that  the  force  exerted  may  be  used  to  incline 
the  tangent-wheels  and  yet  be  independent  of  their  motion. 
The  arrangement  of  solenoids  shown  in  section  in  fig.  12  is 
a  complete  and  perfect  answer.  Si  and  S2  are  two  fixed  sole- 
noids concentric  with  one  another ;  and  the  main  current  is 
made  to  pass  through  each  in  the  same  direction.  S3  is  a 
solenoid  made  of  a  very  great  length  of  fine  wire,  preferably 
of  aluminium  silver,  as  suggested  by  Mr.  Imray;  and  the 
upper  half  is  wound  in  one  direction  and  the  lower  half  in  the 
opposite  direction ;  and  the  derived  current  is  made  to  pass 
through  it  so  as  to  pass  in  the  upper  half  in  the  same  direction 
as  the  main  current  passes  in  the  fixed  solenoids,  and  in  the 
lower  half  in  the  opposite  direction.  This  solenoid  is  hung  in 
the  annular  space  between  the  fixed  ones  by  a  band  passing 
over  the  arc  of  the  beam  B.  The  tubes  within  and  without 
the  fixed  solenoids  and  the  rings  above  and  below  them,  all  of 
which  are  shown  dark  in  the  figure,  are  made  of  iron,  and 
may  or  may  not  be  used  according  as  the  currents  employed 
are  in  general  weak  or  strong.  But  whether  the  tubes  are 
or  are  not  retained,  the  use  of  the  rings  has  certain  advan^ 


Digiti 


zed  by  Google 


24  MB.  C.  V.  BOYS  ON  APPAEATUS  FOB  THE 

tages,  which  I  now  proceed  to  explain.  Fig.  13  is  a  diagram 
taken  by  iron  filings,  which  shows  the  distribution  of  the  lines 
of  force  due  to  the  fixed  solenoids  alone,  without  the  tubes  or 
rings.  Here  the  lines  of  force  cut  the  walls  of  the  solenoid  at 
an  oblique  angle,  so  that  the  force,  which  is  at  right  angles 
both  to  the  wires  and  the  lines  of  forc«,  tends  to  stretch  the 
movable  coil,  and  only  a  portion  of  it  is  effective  in  drag- 
ging down  the  solenoid  :  moreover  the  lines  of  force  are  very 
widely  distributed  over  the  solenoid,  so  that,  unless  it  is  of 
very  great  length,  the  upper  part  will  leave  by  its  motion 
many  lines.  It  is  true  that  on  the  lower  end  the  movable 
solenoid  will,  when  at  its  central  position,  enter  as  many  lines 
in  an  element  of  motion  as  it  leaves  at  its  upper  end ;  but 
after  any  considerable  movement  the  upper  end  will  leave 
many  more  than  the  lower  end  enters  ;  and  the  force,  as  it  is 
proportional  to  the  number  of  lines  enclosed,  i^nll  become  less 
as  the  solenoid  moves  from  its  central  position.  This  will  be 
referred  to  again  later.  Now  the  iron  rings  act  as  traps,  so  to 
speak,  and  catch  nearly  all  the  lines  of  force  which  if\4thout 
them  stray  over  so  great  a  space.  Fig.  14  shows  the  field  pro- 
duced when  the  iron  is  present.  It  will  be  seen  at  once  that 
nearly  the  whole  of  the  induction  takes  place  across  a  very 
narrow  band  of  the  solenoid,  and  that  the  lines  of  force, 
where  they  cut  the  solenoid,  are  nearly  horizontal ;  so  that 
practically  the  whole  of  the  force  developed  tends  to  drag  the 
solenoid  downwards,  instead  of  being  partly  spent,  as  before, 
in  producing  a  stretching  strain.  The  consequence  is  that  the 
movable  solenoid  may  be  made  very  much  shorter  than  would 
be  necessary  if  no  rings  were  present.  The  tubes,  having  a 
higher  coefficient  of  induction  than  air,  merely  serve  to  increase 
the  number  of  lines  of  force,  rather  than  affect  their  distri- 
bution. 

If  a  movable  solenoid,  arranged  as  described,  is  hung  by  a 
band  passing  over  the  arc  of  the  beam  B,  then  the  turning 
moment  duo  to  a  down-pulling  force  is,  within  certain  limits, 
constant,  while  the  force  restraining  motion  varies  as  the  sine 
of  the  inclination  of  the  beam;  but  had  it  been  hung  from  the 
point  py  the  turning  moment  would  have  been  proportional  to 
the  cosine  of  the  inclination,  and  the  tangent  of  the  incli- 
nation would  have   measured  the   force.     What  is  wanted 
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is  to  make  the  tangent  of  the  inclination  proportional  to  the 
product  of  the  two  currents;  and,  as  explained,  this  could 
be  attained  by  using  a  long  solenoid  hung  from  the  point  p. 
But  such  an  arrangement  causes  a  double  inconvenience; 
for  not  only  is  a  long  solenoid  itself  inconvenient,  but  the 
fact  that  it  is  hung  from  an  arm  and  not  from  an  arc  causes  a 
lateral  shifting  of  the  solenoid  when  the  beam  B  is  inclined, 
thus  necessitating  a  wider  annular  space  for  it  to  pass  through. 
Now  the  use  of  a  comparatively  short  solenoid  hanging  from 
an  arc  introduces  two  errors  which  are  almost  absolutely 
equal  and  opposite.  The  error  due  to  the  arc  is  an  increase 
of  moment  in  the  ratio  of  the  cosine  of  the  inclination  of  the 
beam  to  1 ;  that  is,  the  error  is  equal  to  the  versed  sine  of  the 
inclination  ;  and,  like  a  thing  that  increases  as  the  square  of  a 
quantity,  it  is  at  first  quite  inappreciable,  and  it  increases  in 
amount  with  increasing  speed  as  the  quantity  grows.  Now 
the  error  due  to  a  short  solenoid,  such  as  shown  in  the  figure, 
is  at  first  nothing;  for  a  given  movement  will  cause  the  sole- 
noid to  enter  as  many  lines  of  force  at  one  end  as  it  leaves  at 
the  other,  but  as  it  gets  displaced  it  enters  rather  fewer  than 
it  leaves  ;  and  this  difierence  in  the  number  of  lines  of  force 
increases  in  amount  with  increasing  speed.  Now,  if  the  pro- 
portions are  so  taken  that  when  the  inclination  of  the  beam 
is  a  little  less  than  the  greatest  amount  permitted  to  it  the 
actual  magnetic  error  is  equal  and  opposite  to  the  versed-sine 
error,  then,  since  each  is  a  quantity  which  grows  according  to 
the  same  kind  of  law,  those  errors  will  be  always  approximately 
equal,  and  their  differences  very  small  compared  with  the 
errors,  and  absolutely  inappreciable  in  comparison  with  the 
quantities  of  which  the  errors  themselves  are  small.  The 
geometrical  representation  (fig.  15)  makes  this  clearer.  The 
two  sets  of  errors  may  be  considered  as  ordinates  of  two 
curves  drawn  to  the  same  abscissa.  The  point  j9,  where  the 
curves  intersect,  corresponds  to  that  inclination  at  which  the 
two  errors  are  made  equal,  and  the  origin  0  to  the  central 
position.  Since  both  errors  are  of  a  kind  which  are  inappre- 
ciable at  first,  the  two  curves  will  have  the  axis  of  ^  as  a 
tangent ;  and  since  the  two  errors  are  of  a  kind  which  grow 
in  the  same  kind  of  way,  i.  e,  at  first  slowly,  and  at  an  increa- 
sing rate  as  they  grow,  the  curves  must  be  nearly  similar ; 
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and  since  ihey  have  the  common  point  p,  they  must  be  nearly 
identical.  The  distance  between  the  carves  at  any  part  gives  the 
actual  error  there;  and  this  being  small  in  comparison  with  the 
ordinates  at  that  part;  is  inappreciable  in  comparison  with  the 
whole  distance  of  that  part  from  the  line  zz.  In  the  parti- 
cular case  the  ordinate  pmia  about  4  per  cent.  ofpQ;  so  the 
actual  error  may  be  safely  neglected.  But,  finally,  should 
there  be  any  error  that  can  be  detected  at  all,  such  error  may 
be  almost  entirely  eliminated  by  putting  a  few  extra  turns  of 
wire  near  the  ends  or  the  middle  of  each  half  of  the  movable 
solenoid,  according  as  the  curve  of  the  magnetic  error  between 
0  and  p  is  below  or  above  the  curve  of  the  versed^sine  error. 

Assuming  the  truth  of  what  is  stated  in  the  last  paragraph, 
we  find  the  tangent  of  the  inclination  proportional  to  the  rate 
at  which  energy  is  being  expended.  But  the  speed  of  rotation 
of  the  cylinder  is  proportional  to  the  tangent  of  the  inclina- 
tion; therefore  the  number  of  turns  of  the  cylinder,  given  by 
the  counting-mechanism  in  the  box  over  tiie  cylinder,  is  a 
measure  of  the  total  energy  expended.  As  in  the  other  energy- 
meter,  so  in  this,  if  the  electric  current  is  helped  at  any  time 
instead  of  being  used,  then  the  integrating-cylinder  will  turn 
the  other  way,  and  take  ofi*  from  the  record  an  amount  which 
is  a  measure  of  the  work  expended  on  the  current. 

There  is  a  point  about  the  solenoid  energy-meter  which  is 
worthy  of  notice.  The  movable  solenoid  has  an  equal  number 
of  turns  in  opposite  directions;  so  it  is  independent  of  the 
magnetic  field  in  which  the  instrument  is  placed,  and  so  this 
meter  may  be  used  in  workshops  or  near  dynamo-machines 
without  its  action  being  interfered  with.  For  the  same  reason, 
when  used  in  houses  as  gas-meters  are  for  gas,  it  will  be  im- 
possible for  the  householder  to  tamper  with  its  indications  by 
placing  magnets  round  the  instrument. 

When  very  powerful  currents  are  employed,  it  is  well  to 
shunt  a  certain  proportion  of  the  main  current  past  the  meter, 
or,  when  the  electromotive  force  is  very  great,  to  introduce 
into  the  secondary  circuit  resistance-coils.  To  prevent  waste 
of  clockwork  energy  or  of  electricity,  the  main  current  is  made 
to  pass  round  a  subsidiary  electromagnet  whose  armature 
allows  the  clockwork  to  go  only  when  the  main  current  is 
passing.     This  armature  also,  on  being  attracted,  completes 
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the  secondary  circuit,  so  that  the  derived  current  can  only  flow 
when  the  main  current  is  passing. 

The  meter  may  be  used  as  an  energy  measurer  or  indicator 
(not  meter)  with  advantage  when  setting  the  carbons  of  an 
electric  arc.  If  the  two  poles  are  made  to  touch,  though  the 
current  is  enormously  increased,  the  energy  is  reduced,  owing 
to  a  greater  falling-off  in  the  difference  of  potential  between 
the  poles.  As  the  carbons  are  gradually  separated  the  current 
diminishes,  but  the  difference  of  potential  increases  in  a  higher 
ratio;  so  their  product  increases;  that  is,  the  energy  expended, 
and  so  the  heat  and  light  produced,  increases.  This  increase 
is  shown  by  an  increased  inclination  of  the  beam.  After  a 
time  a  point  is  reached  at  which  the  current  decreases  in 
the  same  ratio  that  the  difference  of  potential  increases;  at 
this  point  the  inclination  of  the  beivm  attains  a  maximum  ; 
beyond  this  the  decrease  of  the  current  is  in  a  higher  ratio 
than  the  increase  in  the  difference  of  potential,  so  the  energy, 
heat,  and  light  fall  oflF,  as  is  indicated  by  the  diminution  of 
the  inclination  of  the  beam.  If,  therefore,  the  carbons  are 
placed  so  that  the  inclination  of  the  beam  is  a  maximum,  then 
the  best  effect  is  being  obtained.  In  the  same  way,  if  the  cur- 
rent is  being  employed  to  drive  a  machine,  the  most  effective 
speed  for  that  machine  may  be  found  by  observing  at  what 
speed  the  inclination  of  the  beam  is  greatest. 

The  various  meters  described  depend  for  their  numerical 
results  on  two  things — (1)  the  horizontal  intensity  of  the 
earth's  magnetism,  (2)  the  force  of  gravity.  The  indications 
of  the  first  current-meter  are  inversely  proportional  to  the 
horizontal  intensity,  and  of  the  first  energy-meter  to  the 
square  of  the  horizontal  intensity.  Each  of  them  is  dis- 
turbed by  changes  in  the  direction  of  the  earth's  magnetism. 

The  second  current-meter  and  the  second  energy-meter  are 
independent  of  the  magnetic  field  altogether.  Their  indi- 
cations vary  inversely  as  g  when  the  clockwork  is  regulated 
by  a  balance-wheel,  or  inversely  as  y/g  when  a  pendulum-clock 
is  used.  This  dependence  on  gravity  is  a  point  of  very  great 
importance  ;  for  over  any  one  country  gravity  does  not  change 
appreciably,  nor  does  it  matter  in  what  direction  the  machine 
is  placed  so  long  as  it  is  level.  By  screwing  the  weights  X  X 
up  or  down,  so  as  to  decrease  or  increase  the  influence  of 
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graviiy  on  the  meter,  its  indications  may  be  regulated  to  a 
standard  measure.  Therefore,  in  making  the  coils,  there  is  no 
necessity  to  count  the  number  of  turns  exactly,  or  to  lay  them 
with  the  utmost  accuracy:  they  may  be  wound  in  the  ordinary 
way,  and  then  a  hundred  machines  or  more  connected  together, 
with  the  main  circuits  in  series  and  with  the  derived  circuits 
in  series,  and  a  current  sent  from  a  suitable  source  through 
each  series ;  then,  if  there  is  one  meter  which  has  been  standar- 
dized by  careful  experiment,  all  the  rest  can  be  regulated,  just 
as  clocks  are,  by  screwing  down  the  weights  X  X  of  those 
that  are  going  fast,  or  screwing  up  the  weights  of  those  that 
are  going  slow. 

If  in  the  foregoing  paper  any  of  the  apparatus  is  not  as 
fully  described  as  it  might  be,  I  must  plead  as  an  excuse  an 
endeavour  to  occupy  a  reasonable  space  with  an  account  of 
what  is  essentially  one  invention. 


III.    Apparatus  for  calculating  Efficiency,     By  C.  Vernon 
Boys,  A.R.S.M,,  Demonstrator  of  Physics  at  the  Normal 
School  of  Science,  South  Kensington*. 
[Plate  IV.] 

In  a  previous  paper  I  have  shown  how  work  done  in  an 
engine  or  transmitted  by  shafting  or  belting,  or  expended 
by  an  electric  current,  or  how  the  quantity  of  electricity 
which  has  passed  in  a  conductor  during  any  time,  may 
be  automatically  measured  and  integrated  or  recorded.  The 
present  paper  refers  to  apparatus  for  dividing  rates  of  growth 
of  two  integrals  so  found  one  by  the  other,  and  continuously 
recording  the  quotient.  Before  describing  any  of  these 
machines,  it  may  be  well  to  give  an  example  showing  an  ap- 
plication of  a  divider  to  some  useful  purpose.  Let  there  be  a 
steam-engine  driving  a  dynamo-electric  machine,  which  is 
employed  to  produce  an  electric  light.  Steam  does  work  on 
the  piston  of  the  engine,  which  may  be  integrated  as  already 
described.  This  is  the  work  put  in.  The  electricity  does  work 
in  the  electric  arc  and  in  the  conducting  wires,  which  may  be 

*  Read  January  28, 1882. 
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integrated.  This  is  the  work  taken  out.  If  after  any  time, 
say  one  hour,  the  work  taken  out  is  divided  by  the  work  put  in, 
the  quotient  will  represent  the  average  efficiency  of  the  engine 
and  machine  combined  during  the  hour.  In  like  manner,  if 
the  readings  are  taken  after  a  minute,  the  quotient  will  give 
the  average  efficiency  during  the  minute.  If  instead  of  a 
minute  an  indefinitely  short  period  of  time  is  occupied,  then 
the  quotient  obtained  will  give  the  true  efficiency  at  that  time. 
Now,  if  by  mechanism  or  otherwise  a  curve  can  be  drawn  in 
which  the  ordinates  represent  the  true  efficiency,  while  the 
abscissae  are  time,  then  an  inspection  of  the  curve  will  show 
exactly  how  well  the  machines  have  done  their  work  at  every 
moment,  and  the  highest  points  will  indicate  the  time  at  which 
the  best  results  have  been  obtained.  What  is  wanted  in 
practice  is  not  a  curve  giving  the  true  efficiency  as  above  de- 
scribed, because  work  is  not  put  into  an  engine  uniformly,  but 
intermittently,  but  a  curve  showing  the  average  efficiency  for 
the  last  few  seconds  or  minutes  as  the  case  may  be  ;  and  it  is 
this  that  the  mechanism  I  am  going  to  describe  accomplishes. 
If  one  of  the  integrals  represents  time,  and  the  other  work  done 
in  an  engine,  then  the  curve  gives  the  continuous  value  of  the 
horse-power  per  hour  ;  or  if  one  integral  represents  turns  of  a 
dynamo-machine,  while  the  other  represents  electric  current 
or  electric  energy,  then  the  curve  gives  current-quantity  or 
current-energy  per  turn.  Or,  generally,  if  two  things  are 
turning,  either  or  both  at  a  variable  rate,  a  dividing  machine  will 
give  the  ever-varying  value  of  the  quotient  of  one  by  the  other. 
I  have  made  use  of  two  principles  in  the  construction  of 
dividing  machines,  which  may  therefore  be  classed  under  two 
heads.  In  the  first  class  a  pointer,  if  at  a  wrong  position  on  the 
scale  of  quotients,  moves  towards  its  right  place  with  a  speed 
proportional  to  its  distance  from  it :  its  motion  is  therefore 
of  a  logarithmic  nature.  In  machines  of  the  second  class  a 
pointer,  if  at  a  wrong  position  on  the  scale  of  quotients,  changes 
its  speed  of  moving  towards  its  right  position  with  a  speed 
proportional  to  its  distance  from  it :  its  motion  therefore  is  of 
an  harmonic  nature.  In  either  case  the  movement  of  the 
pointer  may  be  made  to  trace  a  diagram  on  a  travelling  band 
of  paper.  I  shall  describe  one  logarithmic,  and  three  har- 
monic dividers. 
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Logarithmic  Divider. 

For  this  a  pair  of  wheels  incapable  of  steering  are  required — 
that  is,  wheels  which  when  turned  while  their  edges  are  in 
contact  with  a  surface  are  compelled  to  move  forward,  but 
which  at  the  same  time  are  perfectly  free  to  move  laterally. 
Disks  with  smoothly  milled  edges  very  imperfectly  fulfil  these 
conditions  ;  but  an  outside  smoke-ring,  such  as  is  described 
in  the  smoke-ring  integrator,  antehj  p.  10,  should  answer  this 
purpose  well.  Let  two  such  smoke-rings  be  mounted  on  a 
common  axis,  but  so  that  each  may  revolve  independently 
of  the  other ;  let  there  be  a  disk  so  supported  that  its  plane 
is  parallel  to  the  common  axis,  and  so  that  its  own  axis  would 
if  continued  meet  the  other  at  a  point  midway  between  the 
two  smoke-rings  ;  moreover,  let  the  axis  of  the  disk  be  carried 
by  an  arm  in  such  a  manner  that  it  is  capable  of  moving  in  a 
direction  parallel  to  the  plane  of  the  disk,  but  inclined  at  a 
small  angle  to  the  common  axis  of  the  smoke-rings.  Fig.  1 
shows  the  arrangement  in  its  central  position  :  A  A  is  the 
common  axis,  S  S]  are  the  smoke-rings,  and  D  the  disk ;  the 
dotted  line  shows  the  line  of  travel  of  the  axis  of  the  disk.  If 
while  the  disk  is  in  its  central  position  the  two  rings  S  Si  are 
caused  to  revolve  at  equal  speeds  in  opposite  directions,  then 
the  disk  merely  turns,  and  there  is  no  further  result.  Let  the 
direction  of  motion  be  that  shown  by  the  arrow. 

Now  let  the  ring  Si  begin  to  revolve  faster  than  S,  then  the 
centre  of  the  disk  D  would,  if  free,  begin  to  move  downwards 
with  a  speed  equal  to  half  the  excess;  but  it  is  incapable  of 
moving  vertically  downwards;  yet  it  may  move  down  the  slope 
indicated  by  the  dotted  line.  Now,  as  the  rings  S  Si  in  no 
way  interfere  with  the  lateral  movement  of  the  disk,  its  centre 
will  move  down  the  slope  till  it  reaches  such  a  point  that  the 
ratio  of  the  distances  of  the  point  from  the  two  rings  is  equal 
to  the  ratio  of  the  speeds.  It  will  be  necessary  to  show  that 
what  is  true  when  the  produced  axis  of  D  intersects  A  A,  is 
equally  true  when  it  has  so  far  moved  up  or  down  the  slope 
as  to  cause  a  considerable  displacement.  Let  the  centre  have 
moved  down  to  c,  fig.  2,  and  let  S  Si  be  the  points  on  the 
disk  touched  by  the  two  smoke-rings,  and  let  cp  be  the  per- 
pendicular on  S  Si  from  c.     Now,  if  S  Si  are  turning  with 
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speeds  proportional  to  the  lengths  Sp  and  Si/>^  then  the 
centre  will  have  no  tendency  to  move  up  or  down.  The 
motion  of  S  about  c  as  a  centre  may  be  resolved  into  two: — 
one,  an  upward  motion,  proportional  to  S/>  (and  this  motion 
must,  from  the  mechanical  construction,  be  the  same  in  the 
disk  and  in  the  ring);  and  the  other,  a  lateral  motion,  propor- 
tional to  j?  c,  with  which  the  ring  in  no  way  interferes.  In 
a  similar  way,  the  motion  of  Si  may  be  resolved  into  two — 
a  downward  motion  proportional  to  Sip,  and  a  lateral  motion 
proportional  to  ^  c.  The  downward  motion  must  be  common 
to  tiie  disk  and  ring,  while  the  lateral  motion  is  free.  It  is  clear 
then,  if  the  rings  move  with  speeds  in  the  ratio  S/> :  Sjj!?,  that 
the  centre  c  will  have  no  up  or  down  tendency  ;  and  if  the  rings 
are  not  moving  with  speeds  in  the  ratio  Sp :  Si  p,  that  the  centre 
c  will  move  up  or  down  the  slope  with  a  vertical  speed  propor- 
tional to  the  distance  of  the  poiut  p  from  a  point  which  does 
divide  S  S^  in  the  ratio  of  the  speeds  of  the  smoke-rings.  If 
B  is  the  inclination  of  the  dotted  line,  then  c  will  move  along 
this  line  with  a  speed  equal  to  cosec  0  times  its  vertical 
speed,  and  p  will  travel  along  S  Si  with  a  speed  equal  to  cot  Q 
times  the  vertical  speed  of  c.  Should  one  disk  ever  stop  and 
change  the  direction  of  its  motion,  then  c  must  move  along 
the  slope  till  it  is  immediately  under  the  ring,  and  move 
beyond  till  it  arrives  at  such  a  position  C\  that  S/>i :  Si/>i  is 
the  ratio  of  the  speeds. 

Let  the  two  smoke-rings  be  turned  by  two  integrating 
machines  as  already  described,  then  either  or  both  may  be 
going  at  a  variable  speed.  There  must  at  every  moment  be 
some  point  x  in  the  line  S  81  such  that  S  ^ :  Si  a;  is  the  ratio  of 
the  speeds.  This  point  will  sometimes  coincide  with  P,  at 
which  times  C  will  be  stationary;  it  will  generally,  however,  be 
distant  more  or  less  from  P,  in  which  case  P  will  pursue  it  wi  h 
a  speed  proportional  to  its  distance  from  it.  If  the  arm  which 
carries  C  carries  also  a  pencil  bearing  against  a  uniformly 
travelling  band  of  paper,  then  the  curved  line  drawn  wiU 
show  what  has  been  the  efficiency,  horse-power  per  hour,  or 
whatever  it  was  set  to  find  during  any  period  of  time.  The 
travelling  band  would  have  to  be  ruled  across  with  lines  show- 
ing time,  and  longitudinally  with  lines  showing  ratios,  the 
scale  being  of  the  kind  shown  in  fig.  3. 
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If  the  slope  or  the  direction  of  motion  had  been  in  the  op- 
posite direction  to  that  shown,  then  p,  instead  of  approaching 
its  places^  would  have  fled  from  it  with  a  speed  proportional  to 
its  distance  from  it. 

I  think  it  possible  that  the  logarithmic  divider  might  be 
applied  to  solve  some  difficult  problems ;  for  while  in  action 
the  inclination  of  the  path  of  the  centre  c  to  the  line  S  Si,  or 
the  position  of  either  ring  on  their  common  axis,  may  be 
changed  in  any  way  without  interfering  with  the  freedom  of 
the  motion  of  c. 

Harmonic  Dividers. 

All  harmonic  dividers  depend  on  the  steering-power  ot 
wheels,  an  action  which  renders  wheels  of  ordinary  construc- 
tion useless  in  the  case  of  the  logarithmic  divider.  The  steer- 
ing action,  however,  is  not  determined  by  any  direct  effect, 
as  in  the  case  of  my  cai*t  integrating-machine,  or  in  the  more 
familiar  case  of  a  common  bicycle,  but  depends  on  an  inter- 
mediate action,  and  is  in  this  respect  exactly  similar  to  the 
steering  arrangements  in  that  most  beautiful  and  ingenious 
machine  the  "  Otto  "  bicycle.  In  this  the  rider  produces  a 
difference  in  the  speeds  of  two  wheels,  one  on  each  side  of 
him;  the  angular  deviation  therefore  is  the  integral  of  the  dif- 
ference in  speed  between  the  two  wheels,  while  the  linear 
deviation  from  the  original  straight  course  is  the  integral  with 
respect  to  the  distance  run  of  the  sine  of  the  angular  devia- 
tion. The  method  of  adapting  this  principle  is  exactly  analo- 
gous to  the  case  of  the  disk-cylinder  integrator.  That  machine 
was  developed  in  this  way : — Take  a  cart  integrator  running 
on  fixed  ground,  remove  the  whole  of  the  cart  except  its 
steering-wheel,  which  fix  in  position,  then  give  it  movable 
and  cylindrical  ground  to  run  on ;  a  disk-cylinder  integrator 
will  be  the  result.  In  this  case  do  away  with  the  whole  of 
Otto^s  machine  except  the  two  wheels,  fix  them  in  position, 
and  give  them  each  a  movable  fioor  to  run  on.  Fig.  4  is  a 
side  view,  and  fig.  5  is  a  plan,  of  a  machine  of  this  kind. 
A  Ai  are  the  two  steering  wheels  mounted  independently  on  a 
common  axis ;  B  Bi  are  a  pair  of  disks  geared  together  by  their 
edges,  and  they  form  the  movable  fioors  for  the  disks  A  A  to 
rest  upon,     c  Cj  are  the  supporting  wheels  of  a  frame  F,  and 
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are  capable  of  ranning  on  rails  parallel  to  the  common  axis  of 
A  A|.  The  frame  F  carries  a  block  D  swivelled  on  a  vertical 
axis  passing  through  the  centre  of  both  F  and  D.  The  axes 
of  B  Bi  are  supported  by  D,  If  A  Ai  are  caused  to  turn  with 
speeds  proportional  to  lieir  distances  from  the  centres  of  B  B, 
and  in  the  same  direction^  B  B^  will  revolve  at  equal  speeds  in 
opposite  directions^  and  neither  D  nor  F  will  be  affected;  but 
if  either  A  or  Ai  is  made  to  revolve  a  little  taster  than  is  due 
to  its  central  distance,  D  will  begin  to  turn  in  its  swivel- 
frame.  But  no  sooner  does  D  begin  to  twist,  than  the  disks 
A  Aj,  which  previously  were  describing  circles  on  B  Bi,  tend 
to  move  in  spiral  paths,  the  faster  one  receding  from,  and  the 
slower  one  approaching,  the  centres  of  the  disks  B  Bi  on  which 
it  is  moving.  But  as  A  Ai  are  incapable  of  any  movement  but 
rotation,  while  the  disks  B  B|  can,  from  the  nature  of  their 
support,  accommodate  themselves  to  every  kind  of  movement 
except  one  of  lateral  translation,  therefore  the  combination 
Cy  F,  D,  B,  and  Bi  will  move  longitudinally  till  the  central 
distances  of  A  A^  are  proportional  to  their  speeds ;  but,  unfor- 
tunately, by  this  time  the  obliquity  of  the  block  D  has  become 
a  maximum,  and  therefore  its  rate  of  longitudinal  travel  is  a 
maximum  also,  It  therefore  travels  on  and  introduces  an 
error  of  position  on  the  opposite  side,  which  is  corrected  as 
before;  and  so  the  frame  F  oscillates  on  either  side  of  its  cor- 
rect position.  The  motion  may  be  considered  more  exactly 
in  this  way: — The  rate  at  which  D  twists  is  proportional  to 
the  error  of  F,  while  the  rate  at  which  F  corrects  its  position 
is  proportional  to  the  amount  of  twist  of  D:  this  expressed 

mathematically  gives  the  equation  -rL  =  — y,  the  solution  of 

which  is  y =8in  ^  or  y =cos .».  The  motion  of  both  D  and  F 
therefore  is  harmonic.  An  exactly  analogous  case  is  that  of 
a  heavy  body  moving  under  the  influence  of  a  force  which 
varies  with  the  displacement,  the  movements  of  F  being  equi- 
valent to  that  of  the  heavy  body,  while  the  rate  at  which  D 
twists  represents  the  force.  Of  course  in  the  dividing<-machine 
described  we  have  nothing  to  do  with  inertia  or  with  a  resist^ 
ing  force ;  but  the  movements  are  the  result  of  an  action  of 
pure  rolling,  and  it  so  happens  that  they  follow  exactly  the 
same  law  as  the  movements  of  a  vibrating  heavy  body.    This 
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view  of  the  subject  removes  all  difficulty  in  discovering  \vhat 
will  be  the  action  during  either  slow  or  very  rapid  variations 
in  the  ratio  of  the  velocities.     Let  the  dynamical  equivalent 
be  a  heavy  magnetic  needle  balanced  in  a  magnetic  field. 
Then  the  direction  of  the  field  corresponds  to  ratio  of  velo- 
citiesy  and  the  motions  of  the  needle  to  the  motion  of  the 
frame  F.     As  has  been  shown  in  the  case  of  a  constant  ratio^ 
an  error  of  position  of  F  at  starting  causes  F  to  oscillate  on 
either  side  of  its  correct  place,  just  as  a  displacement  of  a 
magnetic  needle  causes  it  to  oscillate.     Now  suppose  F  to  be 
in  its  correct  position  and  then  the  ratio  to  change  slowly  (that 
is,  slowly  compared  with  the  time  of  an  oscillation);  then  the 
frame  F  will  move  slowly  also,  always  being  in  the  correct 
position,  because  during  a  slow  change  in  the  direction  of  the 
magnetic  field  a  balanced  needle  follows  the  change  without 
oscillation.     Next  suppose  the  ratio  to  alternate  rapidly — ^tbat 
is,  rapidly  compared  with  the  time  of  an  oscillation,  as,  for 
instance,  is  the  case  when  a  steam-engine  is  made  to  do  work 
uniformly,  for  work  is  put  in  intermittently  and  taken  out 
gradually;  then  the  dividiug-machine  will  steadily  show  the 
mean  value,  and  will  take  no  account  of  the  rapid  variations 
in  ratio,  because  a  heavy  magnetic  needle  subjected  to  rapidly 
alternating  currents,  which  produce  rapid  variations  in  the 
direction  of  the  magnetic  field,  is  unaffected  by  these  currents^ 
but  steadily  maintains  its  position  in  the  mean  direction  of  the 
field.     The  most  complex  possible  case  is  a  combination  of 
rapidly  alternating  and  slowly  changing  ratios  with  occasional 
sudden  changes.     The  first  two  are  properly  considered  by 
the  machine,  while  the  sudden  changes  merely  cause  the  frame 
F  to  oscillate  on  either  side  of  its  correct  position.     As  in  the 
case  of  the  logarithmic  divider,  so  here;  a  curve  may  be  drawn 
on  a  travelling  band  of  paper  by  a  pencil  attached  to  the 
frame. 

A  more  simple  arrangement  is  shown  in  fig.  6,  where  the 
disks  B  Bi  and  the  frame  and  block  are  replaced  by  a  sphere 
S  with  its  axis  horizontal  mounted  in  a  horizontal  ring  R,  and 
where  this  ring  is  supported  in  a  crutch  c  which  is  capable  of 
moving  round  on  a  vertical  axis.  Thus,  when  R  is  hori- 
zontal, the  sphere  can  turn  independently  round  three  axes  at 
right  angles  to  one  another.    Then,  if  the  disks  A  A|  touch 


Digiti 


zed  by  Google 


VIOLET  PHOSPHORBSCBNCE  IN  CALCIUM  SULPHIDE.  35 

the  sphere  in  points  90°  apart,  the  ratio  of  their  speeds  will  be 
measured  bj  the  tangent  of  the  inclination  of  B,  while  the  de- 
-viation  of  c  will  correspond  to  the  obliquity  of  the  block  D  in 
the  last  machine. 

The  most  simple  harmonic  divider  that  I  can  imagine  is 
made  by  mounting,  as  shown  in  fig.  7,  two  iron  cones  with 
their  bases  adjacent^  and  with  the  lowest  generating  line  in 
each  horizontal  and  in  one  straight  line.  Then,  if  a  mag- 
netized steel  reel  is  hung  on  and  the  two  cones  are  turned,  the 
reel  will  travel  about  and  find  the  ever-varying  value  of  the  ratio 
of  their  speeds.  The  method  of  attaching  a  recording-pencil 
is  too  obvious  to  need  description.  If  the  two  cones  were 
placed  so  that  their  bases  were  turned  away  from  one  another 
instead  of  being  adjacent,  then  the  reel  would  change  its  speed 
of  moving  atoay  from  its  correct  position  with  a  speed  propor- 
tional to  its  distance  from  it.  This  kind  of  action  could  only 
exist,  of  course,  for  a  very  short  time. 

Whether  dividing-machines  are  likely  to  be  of  general  value 
for  practical  or  experimental  purposes,  it  is  difficult  to  say; 
but  there  can  be  little  doubt  that  cases  might  arise  in  which 
some  machine  such  as  I  have  described  might  be  used  with 
advantage. 


IV.  On  the  Violet  Phosphorescence  in  Calcium  Stdphide. 
By  Captain  W.  de  W.  Abnby,  F.R.S.* 

In  some  investigations  in  photography  it  beciame  necessary 
that  I  should  study  the  phenomenon  of  phosphorescence  exhi- 
bited in  calcium  sulphide,  such  as  is  employed  in  Balmain's 
paint.  And  as  one  or  two  points  of  interest  arose  which 
have  not  (as  far  as  I  am  aware)  been  described  before,  I 
have  thought  it  might  be  of  interest  to  lay  the  subject  before 
the  Society. 

The  phosphorescent  light,  which  is  a  peculiar  violet,  can  be 
generated,  if  I  may  use  the  term,  by  day-light  or  candle-light 
— ^by  the  former  fairly  brightly,  and  by  the  latter  only  feebly, 
for  reasons  which  will  appear.  In  order  to  gain  strong  phos- 
phorescence, the  light  from  a  magnesium-ribbon  or  the  electric 

•  Bead  January  28, 1882. 
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light  should  be  employed.  Mr.  Warnerke  has  shown  that 
^  inch  of  ribbon  of  the  former  is  sufficient  to  excite  phospho- 
rescence to  the  maximum  point  that  can  be  obtained  from 
light  of  that  brilliancy.  Light  of  greater  brightness,  how- 
ever, seems  to  excite  it  even  more  strongly.  In  a  communi- 
cation made  to  the  Society  by  Lieut.  Darwin,  R.E.,  he  gave 
the  formula  for  the  decrease  of  phosphorescence  after  exci- 
tation, from  which  it  will  be  seen  that  it  very  rapidly  dimi- 
nishes in  brilliancy. 

My  first  experiment  was  to  determine  the  spectrum  of  the 
emitted  light ;  and  this  I  observed  with  a  small  spectroscope ; 
and  the  emission-spectrum  is  shown  in  I,  figure  opposite.     It 
will  be  seen  that  to  the  eye  the  greatest  luminosity  is  between 
G  and  F,  and  a  feebler  one  extending  from  between  E  and  F 
as  far  as  the  eye  can  recognize  colour  of  low  intensity  towards 
the  red.     It  became  a  matter  of  curiosity  to  know  if  any  rays 
lay 'beyond  the  violet;  and  for  this  purpose  an  Iceland-spar 
prism  and  quartz  lenses  to  the  collimator  and  camera  were 
brought  into  requisition,  together  with  extremely  sensitive 
photographic  plates.    Glass  was  spread  with  a  layer  of  this  sul- 
phide and  held  together  by  paraffin  as  a  substratum ;  the  phos- 
phorescence was  excited  by  the  electric  light,  and  the  tablet 
held  in  front  of  the  slit.    The  exposure  lasted  one  minute,  when 
the  phosphorescent  tablet  was  again  excited,  and  used  as  a 
source  of  light  as  before.    After  forty  such  excitations  the  pho- 
tographic plate  was  developed  ;  and  a  band  (shown  in  II)  was 
registered,  which  absolutely  coincided  with  the  band  already 
registered  in  the  visible  spectrum.    There  was  no  trace  of  any 
radiation  having  wave-lengths  in  the  ultra-violet.     Whether 
there  is  any  radiation  below  the  red  is  a  moot  point ;  but  from 
the  gradually  increasing  brightness  of  the  spectrum  in  the 
yellow,  it  seems  probable  that  there  is  such. 

The  next  point  to  ascertain  was  the  part  of  the  spectrum 
which  excited  phosphorescence.  A  tablet  similarly  prepared 
was  exposed  to  the  spectrum  of  the  electric  light,  which 
showed  carbon-bands  strongly  just  above  H,  and  also  in  the 
violet  near  G.  A  sensitive  photographic  plate  was  placed 
in  contact  with  the  tablet,  and  allowed  to  remain  in  contact 
40  seconds,  after  which  it  was  developed.  Ill  shows  the 
locality  of  the  spectrum  by  which  phosphorescence  was  ex- 
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cited.     This  agreed   absolutely  with  the  visual  observations. 
The  exact  locality  was  fixed  by  the  carbon-bands  above  alluded 


to,  and  also  by  comparing  it  i^nth  a  sensitive  photographic 
plate  exposed  in  the  ordinary  manner.  It  will  be  noticed  that 
the  ultra-violet  rays  do  not  seem  to  cause  phosphorescence  in 
this  case. 

It  now  remained  to  register  those  rays  which  destroy  the 
phosphorescence.  Tliis  was  effected  in  the  following  manner : — 
A  tablet  was  first  excited,  and  after  half  a  minute  exposed  to 
the  spectrum :  those  rays  which  destroyed  phosphorescence 
were  distinctly  visible,  as  were  also  those  which  excited  it. 
The  tablet  was  placed  in  contact  with  a  sensitive  plate  and  de- 
veloped. The  wave-lengths  were  determined  by  placing  a 
liquid  in  front  of  the  slit  and  noting  the  place  where  the 
known  absorption-bands  in  the  infra-red  region  occurred, 
which  is  here  shown  by  these  localities  remaining  of  the  Fame 
luminosity  on  the  tablet  surrounding  the  impressed  spectrum. 
The  rays  which  destroy  phosphorescence  of  this  description 
are  shown  in  IV.  It  will  be  noted  that  in  the  infra-red 
region  is  a  portion  which  does  not  destroy  it.  When  the  wave- 
lengths of  this  are  compared  with  the  wave-lengths  of  the  exci- 
ting portion  about  G  and  H,  it  is  found  that  they  are  octaves 
one  to  another.  (In  the  figure  the  infra-red  region  is  much 
compressed,  owing  to  the  spectrum  used  being  a  prismatic 
spectrum.) 

This  fact  appears  remarkable  and  worthy  of  note.  My  own 
impression  is  that  another  band  below  this  may  also  be  traced; 
but  as  it  was  not  showu  upon  the  photographic  plate,  I  have  not 
mapped  it.  Such  a  band  would  probably  be  another  octave 
below  the  second  band.  It  should  be  noted  that  the  infra-red 
band  apparently  is  of  the  same  luminosity  as  the  general  lumi- 
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nosity  of  the  plate,  and  that  these  rays  only  feebly  excite  the 
plate. 

I  have  endeavonred  to  make  out  any  spectral  difference  in 
tihe  light  excited  about  H  and  about  G,  and  have  failed  to 
obtain  evidence  as  to  any  alteration  in  colour.  It  seems  in- 
different whether  phosphorescence  be  excited  by  the  indigo  or 
by  the  violet  rays. 

I  am  at  present  engaged  upon  other  phosphorescent  material. 


V.  On  the  Refractive  Index  and  Specific  Inductive  Capacity 
of  Transparent  Insulating  Media.  By  J.  HoPKiNSON,  D.Sc.y 
F.R.S* 

One  of  the  deductions  from  Maxwell's  electromagnetic  theory 
of  light  is,  that  the  specific  inductive  capacity  of  a  medium 
is  equal  to  the  square  of  its  refractive  index.  Another 
deduction  is,  that  a  body  which  is  opaque  to  light,  or,  more 
generally,  to  radiant  energy,  should  be  a  conductor  of  elec- 
tricity. The  first  deduction  appeared  so  clear  an  issue  that 
many  experimenters  have  put  it  to  the  test.  The  results 
may  be  briefly  summarized  thus: — Some  bodies  (such,  for 
example,  as  hydrocarbon  oilsf  and  paraflin-wax)  agree  with 
Maxwell's  law  so  well  that  the  coincidence  cannot  be  attri- 
buted to  chance,  but  certainly  points  to  an  element  of  truth 
in  the  theory:  on  the  other  hand,  some  bodies,  such  as  glass  J 
of  various  kinds,  fluor-ppar§,  Iceland  spar§,  and  the  animal 
and  vegetable  oils||,  have  specific  inductive  capacities  much 
greater  than  is  indicated  by  their  refractive  indices. 

How  do  these  latter  results  really  bear  on  Maxwell's  theory? 
The  facts  are  these.  Taking  the  case  of  one  substance  as 
typical,  the  refractive  indices  of  light  flintrglass  are  veiy  accu- 

•  Read  Februaiy  25, 1882. 

t  Silow,  Pogg.  Ann.  1876,  p.  382 ;  1876,  p.  806.  HopHnson,  PhiL 
Trans.  1881,  part  i.  p.  371. 

X  '  Cavendish  Researches,*  edited  by  Clark  Maxwell ;  Schiller,  Pogg. 
Arm.  1874,  p.  535;  WuUner,  Sits,  h.  hayer.Akad.  1877,  p.  1  j  Hopkinson, 
Phil.  Trans.  1878,  part  i.,  1881,  part  ii. 

§  Romich  and  Nowak,  Wiener  Sitz.  Bd.  Ixx.  part  2,  p.  380. 

II  Hopkinson,  Phil.  Trans.  1881,  part  ii. 


Digitized  by 


Google 


TRAirSPARIKT  TKSULATINa  MEDIA.  39 

rately  known,  the  period  of  distnrbance  ranging  from  j^r — rrni 
second  to  7^ — r^  second ;  the  specific  inductive  capacity  is 

known  to  be  abont  6*7,  the  time  of  electrical  disturbance  being 
fiiom  Yrhj^  second  to  a  few  seconds.  If  from  the  observed 
refractive  indices  we  deduce  by  a  formula  of  extrapolation  the 
refractive  index  for  very  long  waves^  we  find  that  its  square 
is  about  one  third  of  6*7.  There  can  be  no  question  about  the 
accuracy  of  the  observed  refractive  indices;  and  I  have  myself 
no  doubt  about  the  specific  inductive  capacity ;  but  formulsB 
of  extrapolation  are  always  dangerous  when  used  far  from  the 
actual  observations.  If  Maxwell's  theory  is  true,  light  flint- 
glass  should  be  perfectly  transparent  to  radiations  having  a 
wave-periodof,let  u8say,yij^0Qsecond;  because  this  glass  is  sen- 
sibly a  perfect  electrical  insulator,  its  refractive  index  for  such 
waves  should  be  abont  2*6.  Are  there  any  facts  to  induce  us 
to  think  such  a  thing  possible  ?  It  is  well  known  that  in  some 
cases  strong  selective  absorption  of  light  in  the  visible  spec- 
trum causes  what  is  known  as  anomalous  dispersion ;  that  is 
to  say,  the  body  which  presents  such  selective  absorption  of 
certain  rays  has  a  refractive  index  abnormally  low  for  waves 
a  little  shorter  than  those  absorbed,  and  an  index  abnormally 
high  for  waves  a  little  longer  than  those  absorbed*. 

Light  flint-glass  is  very  transparent  through  the  whole 
visible  spectrum,  but  it  is  by  no  means  transparent  in  the  infra- 
red. If  the  absorption  in  the  infra-red  causes  in  light  flint- 
glass  anomalous  dispersion,  we  should  find  a  diminished  refrac- 
tive index  in  the  red.  We  may  say  that  we  have  a  hint  of 
this;  for  if  we  represent  the  refractive  indices  by  the  ordinates 
of  a  curve  in  which  the  squares  of  the  reciprocals  of  the 
wave-lengths  are  abscissse,  this  curve  presents  a  point  of 
inflectionf.  In  the  part  corresponding  to  short  waves  it  is 
concave  upwards ;  in  the  part  corresponding  to  long  waves 
it  is  concave  downwards:  the  curvature,  however,  is  very 
slight.  Does  it  not  seem  possible,  looking  at  the  matter  from 
the  purely  optical  point  of  view,  that  if  we  could  examine  the 
spectrum  below  the  absorption  in  the  infra-red,  we  should  find 
the  effect  of  anomalous  dispersion,  and  that  the  refractive  index 

•  *  Theory  of  Sound,'  by  Lord  Rayleigh,  vol.  i.  p.  126. 
t  Proceedings  of  Royal  Society,  1877. 
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of  suc5h  long  waves  might  even  be  so  high  as  2  6  ?  To  test 
this  experimentally  in  a  conclusive  manner  would  probably 
not  be  easy.  Perhaps  the  best  chance  of  finding  how  these 
long  waves  are  refracted  would  be  to  experiment  on  the  rays 
from  a  thermopile  to  a  freezing-mixture.  Without  an  actual 
measurement  of  a  refractive  index  below  all  strong  absorption, 
it  cannot  be  said  that  experiment  is  in  contradiction  to  the 
Electromagnetic  Theory  of  Light;  for  a  strong  absorption 
introduces  a  discontinuity  into  the  spectrum  which  forbids  us 
from  using  results  on  one  side  of  that  discontinuity  to  infer 
what  they  would  be  on  the  other  side. 


VI.  Water^pes  that  do  not  burst  with  Frost.  By  C.  Vernon 
Boys,  Demonstrator  of  Physics^  Normal  School  of  Science^ 
South  Kensington*, 

During  the  severe  weather  of  last  winter,  Mr.  L.  S.  Powell 
proposed  to  me  a  scheme  for  preventing  the  possibility  of 
water-pipes  bursting  through  frost ;  and  I  have  since  learnt 
that  Mr.  Mangnall,  of  Manchester,  independently  hit  upon 
the  same  idea.  As  far  as  I  can  remember,  there  were  some 
letters  in  the  ^Times'  describing  the  use  of  india-rubber 
pipes  containing  air  inserted  in  the  service-pipes.  This  would 
obviously  prevent  pipes  from  bursting;  for  the  pressure  is  of 
a  nature  that  is  relieved  by  a  comparatively  small  expan- 
sion; and  this  the  india-rubber  tube  allows  to  take  place  in  the 
surrounding  water  when  it  collapses.  There  is,  however,  one 
serious  objection  to  this,  which  is  the  possibility  of  the  detach- 
ment of  one  end  of  the  flexible  tube,  in  which  case  a  rush  of 
water  might  cause  it  to  accumulate  in  one  place  and  obstruct 
the  passage. 

Mr.  Powell's  plan  is  to  make  the  piping  elliptical — either 
before  it  is  laid,  in  which  case  it  may  be  made  of  that  form  ori- 
ginally or  by  passing  round  pipe  through  rollers,  or  afterwards, 
when  suitable  hand-squeezers  will  effect  the  result  without  the 
necessity  of  removal.  As  will  aftervi^ards  be  seen,  it  is  not 
necessary  that  the  pipe  should  be  elliptical  throughout;  if 

•  Read  November  12, 1881. 
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left  ronnd  under  staples  and  in  other  inaccessible  places,  the 
adjacent  elliptical  portions  ensnre  safety.  The  principle,  of 
conrse,  is  obvious.  As  is  well  known,  the  Bonrdon  pressure- 
gauge  depends  on  the  fact  that  the  area  of  an  elliptical  pipe  is 
less  than  that  of  a  circle  of  equal  perimeter :  therefore  during 
increased  pressure  iia  section  becomes  more  circular;  increased 
circularity  of  section  produces  diminished  curvature  in  the  form 
of  the  pipe ;  and  so  the  movements  of  the  end  of  the  pipe  are  used 
to  measure  pressure.  Thin  brass  is  used  for  this  purpose,  and  is 
so  elastic  that  it  returns  to  its  original  form  when  the  pressure  is 
removed ;  and  so  an  indefinite  number  of  increments  and  de- 
crements of  pressure  may  be  measured  by  it.  The  case  of  the 
elliptical  water-piping  is  different.  Here  there  is  not  a  defi- 
nite pressure  to  withstand,  but  a  definite  increase  of  volume  ; 
and,  moreover,  if  this  increase  of  volume  is  resisted,  a  practi- 
cally infinite  force  arises  to  break  down  the  resistance.  The 
question  then  is,  how  best  to  allow  of  this  increase  of  volume. 
The  method  of  the  indiarubber  pipes  I  have  already  mentioned. 
The  other  plan  is  to  make  them  of  an  elliptical  or  other-than- 
round  section.  There  is,  however,  far  more  in  this  suggestion 
than  one  would  be  likely  to  see  at  first.  Consider  the  case  of 
a  round  pipe  in  which  water  is  beginning  to  freeze.  Increase 
of  volume  must  take  place  somewhere.  No  pipe  can  be  abso- 
lutely uniform  in  strength  everywhere.  So  wherever  a  place 
occurs  which  happens  to  be  a  little  weaker  than  the  rest,  no 
matter  how  little,  that  place  will  stretch,  and  necessarily 
stretch  more  than  other  places.  But  when  a  round  pipe 
stretches,  two  things  happen — its  diameter  increases  and  its 
thickness  decreases ;  therefore,  as  the  strength  of  a  tube  to 
resist  bursting  is  inversely  as  the  diameter  and  directly  as  the 
thickness,  each  of  these  effects  makes  the  stretched  portion 
still  weaker  than  the  neighbouring  parts ;  therefore  a  round 
pipe  under  the  action  of  frost  is  in  a  state  of  unstable  equili- 
brium ;  the  consequence  is,  knobs  form  on  the  pipe,  and  ulti- 
mately burst. 

Now  consider  the  case  of  an  elliptical  pipe,  of  such  strength 
of  course,  as  to  stand  the  ordinary  water-pressure.    As  before 
suppose  some  portions  are  weaker  than  oiiiers.    When  expan- 
sion takes  place  they  will  suffer  most,  and  will  begin  to  give 
way.     But  an  elliptical  pipe  on  giving  becomes  more  circular 
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OTkd  this  the.  more  easily  (zs  its  section  departs  more  from  the 
circle;  so  the  very  fact  of  its  becoming  more  drcnlar  makes  it 
less  ready  to  change  its  form.  In  a  very  little  while,  there- 
fore,  though  originally  weaker,  it  will  become  as  strong  as 
neighbouring  portions :  therefore  an  elliptical  pipe  under  the 
action  of  frost  is  in  a  state  of  stable  equilibrium,  and,  instead 
of  giving  way  in  the  bulbous  manner  of  a  circular  pipe,  it  uni- 
formly becomes  more  circular.  Now  the  expansion  of  water 
in  becoming  ice  is  known;  and  therefore  it  is  easy  to  calculate 
by  compound  interest  how  many  complete  freezings  (that  is, 
freezings  from  one  end  of  the  pipe  to  the  other)  any  given 
section  of  piping  will  stand  before  it  becomes  round.  Of 
course,  in  practice,  the  whole  length  of  a  pipe  does  not  get 
frozen;  yet  if  it  were  originally  all  of  it  elliptical,  the  unirozen 
portions  would  be  effective  in  preventing  the  more  exposed 
parts  from  bursting ;  because  as  soon  as  the  exposed  portions 
have  become  rounder  than  the  rest,  the  latter,  and  not  the 
former,  will  yield.  If  two  places  in  the  pipe  become  com- 
pletely frozen  through  and  then  the  intermediate  portion 
freezes,  it  is  true  that  parts  beyond  the  frozen  plug  will  have 
no  effect. 

Mr.  Powell  and  I  tried  a  series  of  experiments  on  the  sub- 
ject to  see  if,  in  practice,  the  pipes  behaved  as  we  expected. 
We  obtained  a  quantity  of  }-inch  lead  pipe,  about  y^  inch 
thick,  and  some  thin  composition  pipe  of  the  same  size.  The 
piping  was  cut  into  lengths  of  about  three  feet ;  half  of  them 
were  squeezed  into  an  approximately  elliptical  form,  and  the 
rest  left  circular  in  section.  The  degree  of  ellipticity  was 
such  that  the  major  axis  was  a  little  more  than  twice  the  minor 
axis.  One  end  of  each  pipe  was  squeezed  together  and  soldered. 
Into  the  other  ends  brass  plugs  cut  with  a  sharp  thread  were 
screwed  while  hot,  having  been  previously  smeared  with  a 
cement  of  rosin,  beeswax,  and  red-ochre.  After  these  plugs  were 
inserted  and  while  still  hot,  the  lead  was,  as  an  additional  pre- 
caution, squeezed  over  a  narrower  portion  of  the  plug  above 
the  screw-thread.  In  each  plug  a  hole  had  been  drilled  and 
tapped.  Through  these  holes  the  pipes  were  filled  with  water; 
and  then  iron  screws,  with  washers  of  leather  boiled  in  bees- 
wax and  tallow,  were  used  to  make  a  tight  joint.  The  pipes 
were  then  all  laid  together  in  a  long  box,  and  surrounded  with 
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a  fieezing-mixtare.  When  a  short  test-pipe  of  the  same  dia- 
meter showed  that  the  water  was  completely  frozen,  the  pipes 
were  removed  and  thawed.  The  ronnd  composition  pipe  was 
bnrst  The  ronnd  lead  pipe  was  swollen  in  an  irregular 
manner.  The  elliptical  piping  had  become  slightly  rounder, 
but  was  perfectly  uniform  in  shape  from  end  to  end,  which 
was  not  the  case  when  it  was  put  in  the  freezing-mixture. 
The  most  noticeable  thing,  howerer,  was  the  fact  that  all  the 
unburst  pipes  had  become  good  water-hammers,  and  this 
showed  that  leakage  could  not  have  occurred.  The  screws 
were  remoyed,  the  pipes  filled,  again  screwed  up  and  refrozen, 
and  this  was  repeated  till  all  were  burst.  The  round  lead  and 
the  thin  elliptical  composition  pipe  burst  at  the  third  freezing, 
and  the  elliptical  lead  pipe  at  the  sixth.  Judging  from  the 
fact  that  it  required  three  freezings  to  burst  the  round  pipe, 
one  might  be  led  to  suppose  that  a  round  pipe  would  last 
equally  long  under  ordinary  conditions,  which  is  certainly  not 
the  case.  The  reason  is  that,  under  ordinary  conditions,  a 
greater  length  freezes  at  a  time  and  more  slowly;  and  a  slight 
inequality  arising,  the  expansion  from  a  greater  volume  of 
water  is  concentrated  on  the  weaker  places,  which  therefore 
give  way  during  the  second,  if  not  the  first,  freezing  of  the 
water. 

It  might  be  thought  that,  as  the  outer  layers  of  ice  are 
below  the  freezing-point  when  the  pipe  is  being  cooled,  they 
would  not  act  as  a  plastic  body  and  accommodate  themselves  to 
the  changing  form  of  the  pipe;  but  no  doubt  can  remain  as  to 
their  behaviour  in  this  respect  when  the  pipe  is  cx)oled  in  air; 
for  in  the  freezing-mixture,  where  the  rate  of  cooling  must  be 
much  more  rapid,  such  accommodation  takes  place  perfectly, 
even  thin  composition  pipes  changing  their  form  and  becoming 
round.  The  apparent  plasticity  of  the  ice  may  depend  on 
fracture  and  regelation;  for  if  the  outer  layers  are  below  the 
freezing-point,  and  a  bursting-pressure  is  brought  to  bear  on 
the  compound  pipe  formed  of  lead  and  ice,  it  might  yield,  the 
lead  bending  and  the  ice  cracking,  and  so  allowing  the  water 
to  penetrate  the  cracks  and  freeze  in  them.  Whether  this 
action  takes  place  or  not  does  not  much  matter :  the  result,  as 
in  the  somewhat  different  case  of  glacier-motion,  is  much  the 
same. 
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If  the  pipe  is  made  of  snch  a  form  that  it  will  not  become 
ronnd  till  it  has  been  completely  frozen,  say,  three  times,  it 
will  take  a  great  many  frosts  to  burst  it,  as  those  parts  that 
do  not  freeze  easily  will  protect  the  more  exposed  portions  ; 
so  absolnte  secnrity  may  be  relied  upon  tiU  ordinary  roand 
pipes  have  barst  once  or  twice ;  and  then  the  now  nearly  roaod 
ones  may  bo  squeezed  back  to  their  original  form.  The  choice, 
then,  is  between  two  evils  ;  either  burst  pipes,  with  the  usual 
damage  and  cost  of  repair,  or  the  trouble  of  inspection  every 
second  or  third  time  that  the  neighbours  find  that  the  ^^  thaw  '' 
has  burst  theirs. 

We  thought  it  possible  that  iron  might  be  sufficiently  elastic 
to  return  to  its  original  form ;  and  so  we  froze  water  in  two 
}-inch  iron  gas-pipes,  one  round  and  one  which  had  been  flat^ 
tened  when  red-hot.  The  round  pipe  burst  the  first  time; 
the  flat  one  did  return  slightly  when  thawed,  but  not  enough 
to  prevent  its  bursting  during  the  second  operation. 

No  doubt  most  people  will  not  consider  this  proposal  of 
Mr.  Powell's  a  satis&ctory  cure  for  burst  pipes  ;  they  would 
like  something  which  could  be  fixed  in  their  houses  and  which 
would  be  always  safe  without  further  attention.  But  tiU  such 
a  discovery  is  made,  I  think  elliptical  pipes  give  the  best  soln- 
tion  of  a  problem  which  has  troubled  every  householder. 

As  the  subject  of  this  paper  is  of  physical  as  well  as  general 
interest,  I  hope  that  it  may  be  considered  not  unworthy  of  the 
attention  of  the  Physical  Society. 


VII.  On  the  Determination  of  Chemical  Affinity  in  terms  of 
Electromotive  Force. — Part  V.  By  C.  R.  Alder  Wright, 
D.Sc,  {Lond.)y  F.S.S.y  Lecturer  on  Chemistry  and  Physics 
in  St.  Mary*s  Hospital  Medical  School*. 

On  the  Relationships  between  the  Electromotive  Force  ofaDaniell 
Cell  and  the  Chemical  Affinities  involved  in  its  Action. 

102.  Ik  accordance  with  the  theorem  stated  in  §  61,  the 
E.M.F.  that  would  be  requisite  to  break  up  a  given  elec- 
trolyte under  given  conditions  into  the  ^^ nascent"  products 
of  electrolysis  would  be  a  constant  amount,  were  it  not  that 
•  Read  February  11, 1882. 


Digiti 


zed  by  Google 


f 


CHRMICAL  AFFINITY  IM  TERMS  OF  SLSCTROHOTIVE  FORCE.      45 

the  secondary  physical  and  chemical  actions  of  the  electrodes, 
and  of  dissolved  gases,  &c.  upon  the  nasoont  products  give 
rise  to  the  development  of  an  amount  of  hoat,  the  energy 
equivalent  to  which  diminishes  the  work  that  would  otherwise 
be  done  by  the  current  whilst  effecting  electrolysis ;  so  that 
the  E.M.F.  corresponding  to  the  net  electrolytic  work  actu- 
ally done  is  less  than  the  constant  amount  that  would  be 
requisite  in  the  absence  of  these  interfering  circumstances  ; 
under  certain  conditions,  the  diminution  in  the  work  is  so 
great  that  work  is  gained  instead  of  spent,  when  the  cell 
becomes  an  electromotor.  Experiment  shows  that,  ccHerU 
fforibus,  the  amount  of  diminution  is  less  the  more  rapid  the 
rate  of  current-flow;  so  that  in  a  decomposing  cell,  in  which, 
on  the  whole,  work  is  spent  during  the  passage  of  the  current 
in  doing  electrolysis  (the  heating  effect  due,  in  accordance 
with  Joule's  law,  to  the  resistance  proper  of  the  cell  being  left 
out  of  consideration),  the  counter  E.M.F.  set  up  (representing 
the  work  so  spent)  is  of  +  sign,  and  increases  in  magnitude 
with  the  rate  of  current-flow ;  whilst  in  an  electromotor,  in 
which,  on  the  whole^  work  is  gained  during  the  passage  of  the 
current,  the  counter  E.M.F.  set  up  is  of  —  sign  (t.  ^ .  is  a 
direct  E.M.F.),  and  decreases  in  magnitude  with  the  rate  of 
current-flow. 

This  decrease  in  magnitude,  although  a  phenomenon  well 
known  under  the  name  of  ^^polarization  of  the  cell,"  has  never- 
theless been  less  thoroughly  investigated  than  is  desirable. 
Thus,  for  instance,  in  the  case  of  a  given  Daniell  cell  it  is  un- 
known to  what  relative  extents  the  diminution  is  due  to  each 
of  three  entirely  different  possible  causes,  viz.: — first,  the  for- 
mation, in  consequence  of  the  electrolytic  actions  going  on,  of 
a  stronger  zinc-sulphate  solution  round  the  zinc  plate,  and  of  a 
weaker  copper-sulphate  solution  round  the  copper  plate,  than 
were  there  originally  ;  secondly,  the  more  or  less  incomplete 
action  as  regards  setting  up  E.M.F.  of  the  energy  gained  by 
the  solution  of  the  zinc,  and  displacement  thereby  of  copper 
from  the  copper-sulphate  solution;  and,  thirdly,  the  somewhat 
analogous  want  of  completeness  in  transformation  into  E.M.F. 
(and  quantity  of  electriciiy  jointly)  of  the  energy  gained  by 
the  transformation  into  ordinary  copper  of  the  nascent  metal 
thu5  set  free.     In  order  to  refer  briefly  to  this  possible  want 
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of  completeness  in  development  of  E.M.F.,  it  will  be  conve- 
nient to  term  that  portion  of  the  energy  due  to  the  various 
actions  taking  place  in  the  cell  that  does  contribute  to  the 
setting-up  of  difference  of  potential^  the  ^^  adjuvant  '*  portion  of 
this  energy;  whilst  the  remainder  is  spoken  of  as  tiie  ^'  non- 
adjuvant"  energy.  Of  course  the  non-adjuvant  energy  in 
practice  makes  its  appearance  in  the  form  of  heat  developed 
ab  imtioy  and  not  in  accordance  with  Joule's  law — t.  e.  not  due 
simply  to  the  passage  of  a  current  through  a  resistance. 

As  regards  the  possible  non-adjuvancy  of  energy  thus  indi- 
cated^ it  is  to  be  noticed  that  whilst  the  observations  of  nume- 
rous experimenters  agree  in  showing  that,  under  certain  con- 
ditions, at  least  an  approximate  equality  subsists  between  the 
electromotive  forces  actually  developed  in  a  Daniell  cell,  and 
in  various  analogously  constructed  cells,  and  those  corre- 
sponding to  the  net  chemical  changes  taking  place  therein 
(viz.,  in  the  case  of  a  Daniell  cell,  the  displacement  of  copper 
from  copper  sulphate  by  zinc),  this  approximate  equality 
does  not  exist  under  all  conditions  even  in  a  Daniell  cell,  inas* 
much  as,  first,  considerable  discrepancies  exist  between  the 
values  obtained  by  different  observers  working  under  different 
conditions,  and,  secondly,  the  same  cell  exhibits  values  vary- 
ing with  the  rate  of  current-flow  through  so-called  "  polari- 
zation;" whilst,  on  the  other  band,  with  certain  forms  of  cell 
the  maximum  E.M.F.  developed  falls  considerably  short  of 
that  ^rresponding  to  the  net  chemical  action.  These  discre- 
pancies and  amounts  of  falling  short  appear  to  be  in  certain 
cases  considerably  greater  than  can  be  accounted  for  by  the 
formation  of  solutions  of  zinc  and  copper  sulphates  &c.  of  dif- 
ferent densities  through  ^^  migration  of  the  ions,"  thus  indica- 
ting considerable  extents  of  non-adjuvancy. 

In  order  to  obtain  further  information  upon  these  points,  a 
large  number  of  observations  have  been  made  upon  various 
forms  of  Daniell  cell  and  allied  combinations;  the  general  results 
of  which  are  that,  with  the  normal  Daniell  combination  (zinc, 
zinc  sulphate,  or  dilute  sulphuric  acid,  copper  sulphate,  copper), 
the  amount  of  non-adjuvant  energy  with  suitable  plate-surfaces 
and  with  feeble  rates  of  current-flow  is  insensible,  but  becomes 
very  considerable  with  more  rapid  rates  of  flow,  or  with  certain 
impure  forms  of  metallic  plate-surfaces — ^the  non-adjuvancy 
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being  partly  due  to  incomplete  development  as  E.M.F.  of  the 
energy  due  to  the  solution  of  the  zinc,  but  more  especially  to 
the  imperfect  development  as  E.M.F.  of  that  due  to  the  trans- 
formation of  nascent  into  ordinary  copper ;  whilst  the  forma- 
tion of  solutions  of  densities  different  from  those  of  the  fluids 
originally  employed  also  contributes  to  the  diminution  in  the 
effective  E.M.F.  of  the  cell.  With  certain  other  forms  "of  cell, 
more  or  less  non-adjuvancy  exists  under  all  circumstances. 
In  the  following  paper  only  those  experiments  referring  to  the 
normal  Daniell  cell  are  described,  the  remainder  being  post- 
poned to  a  later  occasion. 

Experiments  made  to  determine  the  total  fall  in  E,M.F.  through 

so^alledPolarizationy  occurring  in  variously  arranged  Daniell 

Cells  for  definite  amounts  of  increase  in  the  rates  of  Current-- 

flow. 

103.  A  gravity  Daniell  cell  was  constructed  (fig.  1)  with 

two  zinc  plates,  A  and  B,  supported  so  that 

their  upper  surfaces  were  in  the  same  hori- 
zontal plane,  by  means  of  stout  wires  passing 

through  an  indiarubber  cork,  C,  the  under 

surfaces  of  the  plates,  and  the  wires  between 

the  cork  and  plates,  being  covered  with  gutta 

percha.     This  cork  fitted  into  the  lower  end 

of  a  wide  glass  tube  some  4  or  5  centim.  in 

diameter  and  12  or  15  long ;  at  the  other  end 

was  a  precisely  similar  cork  arrangement,  D, 

carrying  two  copper  plates,  E  and  F,  of  which 

only  the  lower  surfaces  were  uncovered  with 

gutta  percha.   The  plates  A  and  E  were  each 

of  such  size  as  to  expose  precisely  2*5  square 

centim.  of  surface,  whilst  the  plates  B  and  F 

each  exposed  double  that  area.     In  order  to 

arrange  the  cell  as  a  gravity  battery^  a  con- 
centrated zinc-sulphate  solution  (sp.gr.  nearly 

1*4)  was  run  into  the  cell  until  half  full,  and 

then  a  cold-saturated  solution  of  copper  sulphate   (sp.  gr. 

somewhat  below  1*2)  was  carefully  floated  on  the  top  of  5ie 

zinc-sulphate  solution.     In  some  experiments  this  disposition 

of  the  plates  was  reversed,  the  copper  plates  being  lowest  and 

the  zinc  plates  highest ;  in  these  cases  saturated  copper-sul- 
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phate  solation  was  first  poiired  in^  and  then  a  lighter  zinc- 
salpfaate  solation.  To  avoid  the  almost  inevitable  contamina- 
tion of  the  zinc-snlphate  solation  with  faint  traces  of  copper 
sulphate  which  occurs  when  the  former  is  poured  on  to  the 
latter^  no  matter  how  carefully  done^  it  was  found  more  satis- 
factory to  fill  the  cell  half  full  of  the  zincHSulphate  solation,  and 
then  slowly  to  introduce  the  copper  sulphate  at  the  base  of  the 
cell  through  a  U-tube  passing  through  the  cork  C,  the  end 
inside  the  cell  being  drawn  out  to  a  point  and  bent  downwards, 
so  that  the  copper-sulphate  solution  flowed-  in  gradually  and 
lifted  up  the  zinc-sulphate  solution  without  passing  into  it  as 
a  jet  and  so  more  or  less  impregnating  it  with  copper. 

It  is  evident  that,  since  A  and  B,  E  and  F  are  respectively 
in  the  same  horizontal  planes,  the  resistance  of  the  column  of 
fluid  between  the  plates,  B,  must  be  sensibly  the  same,  whether 
the  smaller  pair  of  plates,  B  and  F,  or  the  larger  pair,  A  and  E, 
be  employed  to  generate  a  current;  either  of  which  can  at  plea- 
sure be  done  by  simply  connecting  the  mercury-cups  G  H I K, 
attached  to  the  appropriate  plates,  with  the  extremities  of  a 
known  external  resistance.  By  measuring  the  difference  of 
potential  E  subsisting  betweeq  the  ends  of  this  resistance  the 
current  passing,  C,  is  known  ;  hence  if  B  be  known,  the. 
E.M.F.  of  the  cell,  «,  is  known,  being  given  by  the  equation 
e=E  +  CR. 

The  value  of  Bean  be  deduced,  with  a  fair  amount  of  pre- 
cision, from  the  results  of  two  series  of  observations  with 
varying  currents,  made,  first,  with  the  smaller,  and,  secondly, 
with  the  larger  pair  of  plates,  in  the  following  way: — By  divi- 
ding the  actual  current-strengths  by  2*5  and  5*0  (the  super- 
ficies in  square  centimetres  of  the  plates  respectively),  two 
series  of  values  of  E  for  corresponding  "  current-densities  " 
(rates  of  flow  per  square  centimetre  of  plate  surface)  are  ob- 
tained, by  interpolation  from  which,  for  a  given  current-den- 
sity D,  two  values,  Ei  and  E^,  are  deduced  for  the  smaller  and 
the  larger  pair  of  plates  respectively.  The  E.M.F.  with  the 
smaller  pair,  «i,  is  manifestly 

tfia=Ei  +  2*5DR, 

whilst  that  with  the  larger  pair  is 

e8=Ea  +  50DR. 
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It  is  evident  that^  when  the  density  of  the  current  is  the  same, 
and  the  surfaces  of  the  two  copper  and  of  the  two  zinc  plates 
are  respectively  in  the  same  conditions,  the  effect  on  the 
B.M.F.  caused  by  the  passage  of  a  current  must  be  sensibly 
the  same,  inasmuch  as  the  same  amount  of  zinc  is  dissolved 
and  of  sulphate  of  zinc  formed,  and  the  same  quantity  of  cop- 
per is  deposited  and  of  copper  sulphate  decomposed,  per  square 
centimetre  of  plate  surface  ;  so  that  ei  must  sensibly  =6^. 
Hence,  since 

Ei  +  2-5CR=E2  +  50CR, 
it  results  that 

By  contrasting  in  this  way  the  values  of  the  E's  obtained  with 
various  current-densities,  a  set  of  values  for  R  are  obtained, 
fairly  concordant  when  the  observations  are  carefully  made  and 
the  plates  of  such  materials  as  to  remain  in  the  same  condition  of 
surface  throughout  the  experiment,  or  nearly  so,  so  that  on  in- 
troducing a  given  external  resistance  into  the  circuit,  sensibly 
.  the  same  values  for  the  E's  are  uniformly  obtained.  With 
sulphate-of-zinc  solution  surrounding  the  zinc  plates,  and  with 
amalgamated  plates  (copper  as  well  as  zinc),  this  permanence 
is  more  readily  ensured  than  when  dilute  sulphuric  acid  is  used 
(w^ith  amalgamated  zinc  plates),  or  when  the  copper  plate  is 
not  amalgamated,  but  only  freshly  coated  with  electro-deposited 
metal.  Indeed,  to  obtain  a  sufficient  number  of  readings  when 
dilute  sulphuric  acid  is  employed,  it  is  preferable  to  discharge 
the  cell  after  an  hour's  use  and  recharge  it,  amalgamating  the 
plates  afresh,  and  filling  up  with  the  same  solutions  as  before 
to  exactly  the  same  levels  (ensured  by  suitably  marking  the 
glass),  so  that  the  resistance  of  the  cell  may  vary  as  little  as 
possible,  the  temperature  being  so  adjusted  as  to  be  sensibly 
the  same  on  the  average  throughout.  Thus  the  following 
series  of  values  was  obtained  as  the  average  result  of  four  sets 
of  readings  alternately  with  gradually  increasing  and  gradually 
diminishing  external  resistances,  with  a  cell  containing  nearly 
saturated  copper-sulphate  solution,  freshly  electro-coated  cop- 
per plates,  amalgamated  zinc  plates,  and  dilute  sulphuric  acid 
of  1*045  sp.  gr.,  the  plates  being  reamalgamated  and  reelectro- 
coated  respectively  for  each  successive  series — ^all  the  observa- 
VOL.  v.  E 
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tions  being  reduced  to  the  same  standard  as  that  adopted 
throughout  this  paper^  viz.  the  average  reading  at  15*5  of  a 
large  number  of  Clark's  cells  taken  as  1*457  volt*. 
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•00000021 

1103 
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*  The  exactness  of  this  value  depends  not  onl  j  on  how  far  the  average  of 
these  cells  is  identical  with  the  average  of  those  which  served  as  the  basis 
of  Clark*s  valuation  (Proc.  Roy.  Soc.  zx.  p.  444),  but  also  on  the  exactness 
with  which  the  B.  A.  unit  of  resistance  is  determined.  If  this  latter  be  too 
small— as  appears  probable  from  the  experiments  of  Joule,  and  of  the 
writer  and  Mr.  Rennie  (Phil.  Mag.  March  1881,  p.  160),  from  the  results 
of  Rowland,  and  from  the  recent  experiments  of  Lord  Rayleigh  and  Prof. 
Schuster — ^the  true  value  of  an  average  Clark's  ceU  is  below  1-467  to 
the  same  proportionate  extent:  thus,  if  the  B.A.  unit  be  really  0^99 

earth-quadrant  ^^  j,  ;^  j,  ^^  ^  average  Clark's  cell  is  only  O-OOx  1-457 

second  '' 

X 10*= 1442  X 10*  C.G.S.  units.  In  view,  however,  of  the  fiict  that  the 
question  of  the  amount  and  even  of  the  direction  of  the  error  (if  any)  in 
the  B.  A.  resistance  unit  is  not  yet  absolutely  settled,  it  is  assumed  in  this 
paper  that  there  is  no  error  at  all. 

For  analogous  reasons  the  value  of  J  is  assumed,  as  previously,  to  be 
42  X 10*  eigs,  the  evidence  in  support  of  its  hating  a  higher  value  still 
being  not  inconsiderable ;  although  the  probability  is  that,  if  the  B.  A. 

resistance  unit  be  only  0-99  e^rth-quadrant,  j  .^  ^^  ^  4I^6x  10*.    The 

second 
value  of  X  (the  electrochemical  constant  defined  in  §  7)  deduced  in  §  9  as 
the  most  probable,  viz.  "OOOIOS,  is  also  adhered  to,  notwithstanding  that 
Mascart's  recent  experiments  (CtmipteB  BenduB,  xdii.  p.  60)  tend  to  indi- 
cate that  this  value  is  too  large,  '0001044  representing  his  final  result :  this 
value  is  08  p^r  cent,  lower  than  •00010627,  the  mean  value  deduced  from 
Kohlrau8ch*s  experiments.  If  J  be  taken  =  41^6  X 10*,  and  x  ^  assumed 
B '0001048  (mean  of  Mascart  and  Eohlrausch's  results),  the  value  of  x^y 
the  factor  for  reducing  gram  degrees  to  C.G.S.  EJM[  J*.  unitSi  beoomet 
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104.  Prom  these  figures  the  following  values  for  R  are  de- 
duced— ^the  first  four  determinations  only  of  each  series  being 
employed,  on  account  of  the  smallness  of  the  diflferences  be- 
tween Ej  and  Ej  in  the  other  cases: — 


D. 

B,. 

E,. 

Ei-E. 

26  XD 
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lated. 

Obflerrerl. 
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•020 
•Oil 
•009 

400  ohm». 

403  „ 
405     „ 
411     „ 
4-12     .. 

404  „ 
4-24     „ 
4-28     „ 

Ayerage  4'lIohiiiB. 

Taking  4'11  ohms  as  the  average  value  of  R,  the  following 
numbers  are  calculated  from  the  above  observations,  the  values 
of  El  and  Eg  being  obtained  by  interpolation: — 


Yalnee  from  obaerTationB  with 
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1100 
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1-096 
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•001 
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1-097 

•006 

•00001 
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1-093 

1-092 
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1-094 

•009 

•00002 
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1^086 
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1-075 
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1-051 

•010 
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1-041 

•021 
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-041 
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1-019 
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1-040 

•999 

•041 

1-040 

1-040 

•063 

•0004 
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-041 

•998 

•916 

•082 

•998 

-998 

-105 

•0007 

•868 

•072 

•940 

•798 

•144 

•942 

•941 

•162 

It  is  evident  that  the  values  of  ei  and  e^  accord  so  closely 

4.S49,  or  1-4  per  cent,  less  than  4410^  the  value  hitherto  assumed,  and  still 
retained  in  this  paper. 

Prof.  8.  P.  Thompson  applies  the  term  "Faraday  coefficient"  to  the^ 
numerical  value  x  (Jomm.  Soc.  Arts,  xxx.  p.  84) ;  should  this  term  be 
generally  accepted,  the  letter  F  might  gracefully  be  used  instead  of  x  to 
indicate  the  &ctor,  just  as  J  is  used  to  indicate  the  Joule  coefficient 
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that  their  average  may  fairly  be  taken  as  representing,  with 
but  little  error,  the  E.M.F.  of  a  cell  containing  copper  and 
zinc  plates  in  the  condition  of  those  experimented  with  in  this 
instance*. 

105.  In  yarioas  other  analogous  experiments  the  concord* 
ance  was  usually  not  quite  so  close  as  in  this  example,  a 
smaller  number  of  readings  (one  or  two  sets  only)  being  made; 
but  the  discrepancy  was  in  no  case  so  great  as  materially  to 
influence  the  general  character  of  the  curve  representing  the 
variation  in  the  value  of  the  E.M.F.  with  varying  currents,  ob- 
tained on  plotting  the  results  by  making  the  currents  abscissas 
and  the  electromotive  forces  ordinates.  The  following  table 
(p.  53)  exhibits,  side  by  side,  the  values  obtained  in  various 
acses  selected  as  specimens :  in  numerous  other  cases  not  quoted, 
the  curves  obtained  were  considerably  similar  to  those  indicated 
by  the  figures  given  in  the  table  and  represented  in  fig.  2.     The 

Fig.  2. 
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resistance  of  the  cell,  R,  is  stated  in  ohms,  and  the  electromo- 
tive forces  in  volts ;  the  "  maximum  E.M.F."  indicates  the 

•  It  might  appear  at  first  sight  that  a  third  valuation  of  the  E.M.F.  of 
the  cell  might  be  deduced  as  follows  :--Since  c,  =  Ej+2-6DR,  and  also 
«a=Ea+50DR,  it  results  that  Ci=Cj=2Ei-E,;  but  it  is  evident  that  this 
value  is  such  that  e,  is  the  arithmetical  mean  between  e,  and  SEj-E^ 
and  hence  that  the  average  of  the  three  values  must  be  identical  with  tf„ 
and  thei-efore  less  exact  than  the  mean  of  Ci  and  c.. 
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average  valae  of  the  highest  E.M.F.  ohserved  thronghont  ilie 
yarioas  series  of  readings,  this  valne  being  always  observed 
when  either  no  current  at  all  circiilatedy  or  a  cnrrent  of  less 
magnitude  than  about  8  microamperes*  per  sqnare  cenlametre. 
The  copper  plates  were  miiformly  snrronnded  by  nearly  satu- 
rated copper-sulphate  solution  (sp.  gr.  1*175);  the  zinc  plates 
were  sometimes  surrounded  by  nearly  saturated  zinc-sulphate 
solution  (sp.  gr.  about  1*4),  and  were  then  lowest ;  in  other 
cases  they  were  highest,  and  were  then  surrounded  either  by 
zinc-sulphate  solution  of  sp.  gr.  1*10,  or  by  dilute  sulphuric 
acid  of  sp.  gr.  1*045. 

It  is  noticeable  that  whilst  experiments  Nos.  I.  and  11.  show 
that  the  curves  obtained  are  by  no  means  necessarily  identical 
even  when  the  conditions  are  sensibly  the  same  (owing  appa- 
rently to  di£Perences  in  the  character  of  the  copper  deposited 
during  the  action  of  the  cell),  experiments  Nos.  I.,  III.,  and  IV. 
indicate  that  but  little  difference  in  the  curve  is  brought  about 
by  using  conunercial  instead  of  pure  zinc,  or  by  altering  the 
surface  of  the  zinc  by  covering  the  bright  metal  with  a  film  of 
copper  (although  more  or  less  marked  depressions  in  the  maxi- 
mum E.M.F.  are  occasioned  thereby);  on  the  other  band, 
experiments  Y.  and  YII.,  as  compared  with  the  others,  indi- 
cate that  amalgamating  tiie  copper  renders  the  rate  of  fall  in 
E.M.F.  sensibly  more  rapid.  But  little  difference,  on  the 
whole,  is  apparently  occasioned  in  the  curves  by  the  use  of 
zinc-sulphate  solution  (whether  stronger  or  weaker  than  the 
copper-sulphate  solution),  as  compared  with  dilute  sulphuric 
acid  ;  what  difference  is  brought  about  is  of  this  kind — ^that 
the  sulphuric-acid  curves  slightly  underlie  the  zinc-sulphate 
curves. 

In  none  of  the  experiments  made  was  any  measurable  de- 
pression of  the  E.M.F.  of  the  cell  brought  about  when  the 
current  flowed  at  a  rate  not  exceeding  8  microamperes  per 
square  centimetre;  and  in  several  cases  this  rate  of  flow  might 
be  doubled  before  any  depression  greater  than  *001  volt  (0*1 

*  In  accoidaiice  with  the  nomeiiclatiire  adopted  by  the  recent  Interna- 
tioDid  Electxical  Congrress,  the  tenn  am^ph^  is  nsed  throughont  this  paper 
to  indicate  what  in  the  fonner  paper  of  thisserieeiras  designated  a  wtber, 
via.  0-1  C.G.S.  cnrrent-nnit ;  ao  that  a  inlcroampere  = -OOOOOOI  C.GJS. 
enrent-^nnit  kIO*'  ampere. 
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per  cent)  was  occasioned.  As  a  rnley  when  the  current- 
detuity  was  from  30  to  50  microamperes  per  square  centimetre, 
a  diminution  in  the  E.M.F.  of  from  0'5  to  1  per  cent  was 
brought  about;  whilst  diminutions  of  10  per  cent,  and  upwards 
were  occasioned  when  the  current-density  exceeded  8000. 
Supposing  the  same  Talues  to  hold  for  ordinary  Daniell  cells 
(which  is  probably  not  quite  the  case,  as  the  zinc  and  copper 
plates  are  usually  unequal  in  size),  it  results  that,  with  cells  of 
ordinaiy  dimensions  («•  ff.  holding  a  litre  and  exposing  a  sur- 
face of  500  square  centimetres),  no  appreciable  diminution  in 
the  E.M.F.  would  be  brought  about  when  the  current  does 
not  exceed  500x8=4000  microamperes  ('004  ampere); 
whilst  diminutions  of  several  tenths  per  cent,  would  be  occa^ 
fiioned  with  currents  of  fiyefold  magnitude  ('02  ampere), 
and  diminutions  of  10  per  cent  and  upwards  when  the  cur- 
rent exceeds  500x3000=1,500,000  microamperes  (1-5  am- 
pire). 

Experiments  made  to  determine  the  tnaaimum  Electromotive 
Forces  of  variously  arranged  Daniell  Cells  containing  Zinc* 
sulphate  solution  around  the  zinc,  and  the  maximum  pro^ 
portion  of  the  FaU  in  tlie  E.M.F.  of  the  Cell  with  gradually 
increasing  currents^  that  could  be  due  to  accumulation  round 
the  plates  of  fluids  of  different  densities  through  the  migra* 
tions  of  the  ions. 

106.  A  long  series  of  experiments  was  next  made  with  the 
object  of  determining  how  hur  the  very  considerable  diminu- 
tion in  the  E.M.F.  of  a  Daniell  cell,  above  shown  to  exist 
when  moderately  strong  currents  are  generated,  can  be  ac- 
counted for  by  the  strengthening  of  the  solution  of  zinc  sur- 
rounding the  plate,  and  the  weakening  of  the  copper-sulphate 
Boktion^round  the  copper  plate,  which  necessarily  take  place 
in  consequence  of  the  migration  of  the  ions  accompanying  the 
passage  of  the  current.  Inasmuch  as  the  use  of  dilute  sul- 
phnric  acid  introduces  complications,  these  observations  were 
made  in  the  first  instance  with  zincHsulphate  solutions  only 
round  the  zinc  plates  ;  later  on  (§  111),  similar  experiments 
with  cells  containing  sulphuric  acid  are  described. 

It  results  from  the  experiments  otMoser  (AnnalenderPhysik, 
iii.  p.  216)  and  H.  F.  Weber  (Phil,  Mag.  [5]  viii.  pp.  487  & 
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523),  that  when  a  stronger  solution  of  zinc  (or  copper)  snl- 
phate  difiiises  into  a  weaker  one  of  the  same  salt,  plates  of 
zinc  (or  copper)  placed  in  the  two  solutions  acquire  different 
potentials,  that  in  the  stronger  solution  being  at  the  higher 
potential:  the  potential  difference  reckoned  per  a  constant 
difference  in  specific  gravity  of  solution  {e.  g.  a  difference  of 
0*1)  is  not  constant,  but  depends  on  the  actual  values  of  the 
specific  gravity,  being  less  the  stronger  the  solutions.  The 
maximum  value  obtained  (in  the  case  of  zinc-sulphate  solu- 
tions containing  respectively  60  and  1  per  cent,  of  crystallized 
salt)  was  only  '036  Daniell,  or  about  '040  volt ;  whence  it 
would  seem  that  if  the  effect  produced  by  zinc-sulphate  solu- 
tion in  diffusing  into  copper-sulphate  solution  is  of  the  same 
order  of  magnitude  as  that  produced  by  difiusing  into  another 
zinc-sulphate  solution  of  strength  equivalent  to  that  of  the 
copper-sulphate  solution,  the  effect  on  theE.M.F.  of  a  Daniell 
cell,  due  to  migration  of  the  ions,  cannot  possibly  materially 
exceed  '04  volt;  whilst,  whatever  the  magnitude  of  the  effect, 
it  must  tend  to  diminish  the  E.M.F.  of  the  cell,  since  it  par- 
tially equalizes  the  difference  of  potential  between  the  zinc 
and  copper  plates  set  up  by  the  chemical  action  alone.  In 
order  to  find  out  the  actual  magnitude  of  the  diminution  due 
to  this  diffusive  action  in  various  cases,  a  number  of  determi- 
nations were  first  made  of  the  E.M.F.  set  up  in  various  forms 
of  Daniell  cell  when  generating  currents  of  magnitude  not 
exceeding  8  microamperes  per  square  centimetre  (and  usually 
when  generating  no  current  at  all),^A^  zinc-  and  copper-sulphate 
soliUions  being  in  any  given  case  of  the  same  specific  gravity*. 
The  average  values  being  thus  fixed,  the  observations  were 
then  repeated,  using  solutions  not  of  the  same  specific  gravity. 
It  is  pai-ticularly  noteworthy  in  this  connexion,  that  the  E.M.F. 

*  Although  two  solutions  of  zinc  and  copper  sulphate,  respectively  of 
the  same  specific  gravity,  are  not  absolutely  chemically  equivalent  to  one 
another  (t.  e,  do  not  contain  precisely  equivalent  percentages  of  the  two 
salts),  yet  the  difference  in  specific  gravity  between  any  two  solutions  of 
equivalent  strengths  is  so  small  that,  for  all  practical  purposes,  it  may  be 
assumed  that  when  the  specific  gravity  is  the  same  the  solutions  aie  of 
equivalent  strengths.  Direct  determinations  of  the  specific  gravities  of 
various  solutions  of  equivalent  strengths  (made  by  dissohdng  known 
weights  of  the  air-dry  pure  salts  to  known  weights  of  aqueous  solutions), 
gave  the  following  results : — 
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of  a  Daniell  ceU  was  found  to  be  sensibly  independent  of  the 
strength  of  the  solutions  when  both  are  of  tlie  same  specific  gra- 
vity— I.  «.  the  deviations  observed  from  equality  were  less  than 
the  experimental  errors. 

The  cells  employed  were  constructed  of  two  small  beakers 
— one  containing  zinc-sulphate  solution  and  plates  of  zinc 
(scraped  bright,  covered  with  electro-deposited  metal,  or 
amalgamated  with  pure  mercury),  and  the  other  copper-sul- 
phate solution  and  similar  copper  plates.  The  two  beakers 
were  connected,  in  the  way  described  by  Baoult  (^Ann,  de  Chim. 
et  de  Phys,  4th  series,  ii.  p.  317,  and  iv.  p.  392),  by  means  of 
an  inverted  Y-tube,  the  ends  of  which,  dipping  into  the  two 
beakers  respectively,  were  covered  over  with  thin  bladder,  the 
tube  being  filled  with  the  zinc-sulphate  solution.  Each  one 
of  the  zinc  and  copper  plates  used  was  soldered  to  a  platinum 
wire  fused  into  a  piece  of  glass  tubing,  forming  a  mercury- 
cup;  the  soldering  and  the  whole  length  of  the  platinum  wire 
being  thickly  covered  with  gutta  percha,  so  that  only  zinc  (or 
copper)  was  exposed  to  the  fluid.  The  plates  were  then  con- 
nected with  a  series  of  mercury-cups  in  such  a  way  that,  by 
simply  moving  a  double  switch  connected  at  one  end  with  two 
mercury-cups  in  connexion  with  the  electrometer-quadrants, 
and  dipping  at  the  other  end  into  two  of  the  series  of  cups, 
any  required  pair  of  zinc  and  copper  plates  could  be  brought 
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30 
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The  dO-per-cent.  solution  of  copper  sulphate  was  slightly  supersaturated, 
and  deposited  crystals  on  standing  in  a  closed  vessel;  saturated  zinc- 
sulphate  solution  has  a  specific  gravity  upwards  of  1*4.  It  is  noteworthy 
that  these  figures  indicate  that  when  given  bulks  of  water  and  of  either 
zinc-  or  copper-sulphate  solution  are  mixed,  an  increaaem  bulk  occurs,  thus 
agreeing  with  J.  Thom sen's  result  that  dilution  of  a  solution  of  either  salt 
is  accompanied  by  heat-absorption  ($  113). 
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into  connexion  with  the  electrometer.     Fig.  3  shows  the 
arrangement  used  for  two  pairs  of  plateS;  and  fig.  4  that  for 
Fig.  8.  Fig.  4. 


three  pairs.  In  the  former  the  two  zinc  plates;  Zi  and  z^j  are 
connected  with  mercnry-cnps  Nos.  1  and  3  (No.  1  being  also 
connected  with  No.  5),  whilst  the  two  copper  plates,  Ci  and  (j,, 
are  connected  with  cups  Nos.  2  and  4  respectively.  Caps 
Nos.  6  and  7  are  connected  with  a  standard  cell  (the  error  of 
which,  in  reference  to  the  average  taken  as  1*457  volt,  is 
known).  By  means  of  a  doable  switch  any  pair  of  the  series 
of  caps  1  to  7  can  be  connected  with  caps  8  and  9,  which 
are  connected  with  the  electrometer  throagh  the  asaal  rever- 
sing-gear;  so  that  when  Nos.  1  and  2,  2  and  3,  3  and  4,  and 
4  and  5  are  thas  connected,  the  electromotive  forces  dae  to 
the  combinations  ZiC^  CiZ^,  z^^j  c^zi  are  respectively  read  off; 
whilst  when  6  and  7  are  connected  (as  represented  in  the 
fignre)  the  electrometer-scale  is  standardized.  In  actually 
taking  readings  a  doable  set  was  always  employed,  the  switch 
being  successively  used  to  connect  the  four  combinations  and 
the  standard  with  the  electrometer,  and  then  to  connect  them 
again  in  reversed  order;  so  that,  by  taking  the  averages  of  the 
two  sets,  any  error  due  to  running  down  of  the  electrometer 
daring  the  readings  might  be  eliminated  (in  practice  the  run- 
ning down  during  the  period  was  insensible,  the  variation 
being  asually  at  most  only  2  or  3  per  cent,  daring  the  whole 
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day,  and  often  mnch  less).  When  three  pairs  of  plates  were 
used,  the  three  zincs  were  connected  respectively  with  cnps 
1,  3,  and  5 ;  whilst  cap  No.  2  was  connected  with  No.  4, 
and  also,  by  means  of  a  movable  wire,  with  either  of  three 
other  caps,  Nos.  10,  11,  and  12,  with  "which  respectively  the 
three  copper  plates  were  connected :  so  that  when  No.  2  was 
connected  with  10,  as  represented  in  the  figure,  the  com- 
binations Ciz^y  CiZi,  and  Ciz^  could  be  read  off  by  connecting 
the  doable  switch  with  1  and  2,  2  and  3  (or  3  and  4),  and  4 
and  5  successively;  and  similarly  for  the  other  combinations. 

107.  The  ultimate  results  of  upwards  of  a  hundred  series  of 
valuations  of  the  electromotive  forces  of  various  combinations, 
mostly  lasting  over  four  hours,  were  as  follows: — 

(1)  With  the  stronger  solutions  used  (specific  gravities  1*100 
to  1*175)  the  E.M.F.  set  up  after  the  first  few  minutes  remained 
sensibly  constant  for  several  hours  (the  temperature  being 
constant),  never  differing  from  the  final  average  of  the  four 
average  sets  of  readings  made  in  each  of  the  first  four  hours 
by  amounts  outside  the  limits  of  observational  error.  For 
instance,  the  following  values  were  obtained  in  one  experi- 
ment, in  which  the  temperature  throughout  was  close  to  18°» 
the  specific  gravity  of  the  solutions  being  1*175: — 


Oombination. 

Ayerage  E.M.F.  determined  daring  the 

Pinal 
ayerage. 

Uthour. 

2ndhonr. 

3rd  hour. 

4th  hour. 

Amalgamated  zino—  1 

electro-copper  ...J 

Bright  zinc—electro-  \ 

Amalgamated  zinc—  1 
bright  copper   ...j 

Bright  zinc — bright  \ 
copper  j 

1112 
MIO 
M19 
1-117 

1-118 
1109 
M22 
1115 

1114 
M12 
M22 
1118 

1114 
1-110 
1120 
1-118 

11132 
11102 
M207 
11170 

Very  similar  results  were  obtained  in  all  the  other  cases. 
After  twenty-four  hours  the  E.M.F.  usually  diminished  to  a 
greater  or  less  extent.  These  changes  are  referred  to  later  on 
(§  108),  being  probably  due  to  oxidation  of  the  metals  by  dis- 
solved air. 

(2)  With  weaker  solutions  (sp.  gr.  1-0065  to  1-050)  the 
E.M.F  developed  during  the  first  half  hour  or  so  was  usually 
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slightly  lower  than  the  value  attained  subsequently;  which 
value  remained  sensibly  constant  for  several  hours,  and  then 
fell  to  a  greater  or  lesser  extent,  as  with  the  stronger  solutions. 
Accordingly,  in  such  cases  the  lower  readings  during  the  first 
half  hour  or  so  were  not  taken  into  account  in  the  final  ave- 
rage. For  any  given  combination  of  plates,  the  final  average 
thus  obtained  with  weaker  solutions  was  sensibly  identical 
with  that  obtained  with  the  stronger  solutions*. 

(3)  The  combinations  that  gave  the  most  constant  results 
on  repetition  of  the  experiments  were  those  containing  amal- 
gamated zinc  and  either  electro-copper  or  amalgamated  cop- 
per; next  to  which  were  those  with  electro-deposited  zinc  and 
these  same  kinds  of  copper  plates.  Combinations  containing 
either  bright  zinc  or  bright  copper  (t.  e.  rods  of  fused  metal 
or  sheets  of  rolled  metal  filed,  scraped,  or  sand-papered  to 

•  The  conclusion  that  the  E.M.F.  developed  by  a  given  pair  of  plates 
immersed,  the  one  in  ainc-sulphate,  the  other  in  copper-sulphate  solution, 
is  sensibly  independent  of  the  strength  of  the  solutions  when  both  are  of 
the  same  density  (or,  at  least,  that  the  variation  in  E.M.F.  caused  by 
variation  in  strength  of  the  solutions  is  not  outside  the  limits  of  experi- 
mental error),  is  fiirther  corroborated  by  the  results  of  still  more  direct 
experiments  on  the  matter.  Three  cells  were  arranged,  containiog  solu- 
tions respectively  of  the  specific  gravities  1*010,  1*000,  and  1*176,  each 
containing  a  recently  electro-coppered  plate  and  a  freshly  amalgamated 
zinc  plate.  A  number  of  readings  were  taken  of  the  potential-differences 
subsisting  between  the  plates  in  each  case^  and  then  the  plates  were  ex- 
changed— the  pair  firom  the  first  cell  being  placed  in  the  second,  that  origi- 
nally in  the  second  being  transferred  to  the  third,  and  so  on.  After  a  new 
set  of  readings  had  been  taken,  the  plates  were  again  exchanged  and  a 
third  set  of  readings  taken ;  so  that  each  pair  of  plates  was  read  in  each 
cell.  The  following  figures  were  finally  obtained,  all  readings  taken 
during  the  first  half  hours  after  immersion  of  the  plates  being  rejected : — 


Speoifio  gravity  1-010. 


Specific  gravity  1*090. 


Specific  gravity  1*175. 


iBtpair  of  plates  11127  2nd  pair  of  plates  1-1122 
2nd  „  „  11130,3rd  „  „  11116 
3rd         „      „       1-1140    let       ,,        „        11135 


3rd  pair  of  plates  M126 
Ist  „  ,.  11118 
2nd       „        „       M133 


Mean 


11132  I 


Mean  11124 


Mean   11126 


In  each  case  the  value  foimd  as  the  mean  for  the  three  pairs  of  plates 
difiers  from  the  general  average  1*1127  by  an  amount  so  6mall  as  hardly, 
if  at  all,  to  be  outside  the  limits  of  experimental  error. 
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perfect  brightness)  exhibited  a  considerably  wider  range  of 
variation.  By  comparing  various  bright  copper  plates  with 
one  and  the  same  amalgamated  zinc  plate^  or  various  bright 
zinc  plates  with  one  and  the  same  electro-copper  plate,  it  was 
found  that  differences,  amounting  nearly  to  0*010  volt  in  the 
most  extreme  instances,  were  observable  in  each  case  with 
different  bright  plates  as  compared  with  one  another.  On  the 
other  hand,  on  comparing  various  electro-copper  or  amalga- 
mated copper  plates  with  one  and  the  same  zinc  plate,  or 
various  amalgamated  zinc  plates  with  one  and  the  same  copper 
plate,  the  extreme  ranges  of  fluctuation  were  found  to  be  not 
more  than  half  those  observed  with  bright  plates,  and  usually 
did  not  exceed  +  '001  as  compared  with  the  average. 

(4)  As  the  ultimate  average  result  of  all  the  determinations 
made,  it  was  found  that  an  amalgamated  zinc  plate  gave,  when 
opposed  to  a  given  copper  plate,  an  E.M.F.  lower  by  '002  volt 
than  a  bright  zinc  plate,  and  lower  by  '001  volt  than  an 
electro-zinc  plate.  The  actual  differences  in  various  experi- 
ments ranged  in  the  former  case  between  -h  '006  and  —  '004, 
the  bright  zinc  plate  sometimes  giving  a  higher  value,  and 
sometimes  a  lower  value,  than  the  amalgamated  plate — more 
frequently  the  former.  (In  the  example  quoted  above,  the 
bright  zinc  plate  gave  a  value  lower  by  '0030  when  opposed 
to  an  electro-copper  plate,  and  by  '0037  when  opposed  to  a 
bright  copper  plate.)  With  electro-zinc  as  compared  with 
amalgamated  zinc,  the  difference  ranged  between  +  '004  and 
—'003,  the  electro-zinc  sometimes  giving  a  higher  and  some- 
times a  lower  value  than  the  amalgamated  zinc,  more  usually 
the  former. 

(5)  Similarly,  the  effect  of  su\)stituting  a  bright  copper  plate 
for  an  electro  one  in  any  given  combination  was  uniformly  to 
cause  an  increase  in  the  E.M.F.  by  an  amount  varying  between 
•001  and  '010  volt,  and  averaging,  on  the  whole,  '006.  (In  the 
example  quoted  above,  bright  copper  gives  a  higher  value 
than  electro-copper  by  '0076  when  opposed  to  amalgamated 
zinc,  and  by  '0068  when  opposed  to  bright  zinc.)  The  effect 
of  amalgamating  a  copper  plate  was  found  to  be,  on  the  whole, 

•  to  give  an  E.M.F.  lower  by  '001  than  that  given  under  the 
same  conditions  by  a  freshly  electro-coppered  plate,  the  actual 
difference  ranging  between  +'002  and  —'003,  the  amalga- 
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mated  plate  sometimes  giving  a  higher  value  and  sometimes  a 
lower  one  than  the  electro-plate,  more  frequently  the  latter. 
It  is  worthy  of  notice  that  no  sensible  diflFerence  was  obser- 
vable whether  the  plate  amalgamated  were  previously  of  bright 
rolled  metal  or  of  electro-metal ;  so  that,  on  the  whole,  the 
e£Pect  of  amalgamating  a  bright  rolled  plate  was  to  depress 
the  E.M.F.  by  -006 +  -001 =-007. 

(6)  The  average  results  of  all  the  experiments  made  are 
contained  in  the  following  tabular  statement:  increase  in 
E.M.F.  is  indicated  by  the  +  sign,  and  diminution  by  the  — 
sign  2— 


Variation  in  the  E.M.F.  due  to  the  use  of  zinc- 
and  copper-sulphate  solutions  of  different 
strengths  between  the  limits  of  sp.  gr.  1*0065 
and  1*175,  both  solutions  being  of  the  same 
specific  gravity  in  any  given  case    ... 


Less  than 
+  •001. 


Maxi- 
mum. 


Mini- 
mum. 


Bange. 


Ave- 
rage. 


ICffect  of  subfititutixig  for  fresh  eleotro-oopper  : — 

Bright  rolled  copper  eheet   

Amalgamated  copper  (surface  wet  with  1 
fluid  mercurj) j 

Effect  of  substituting  for  fresh  electro-zinc : — 

Bright  cast  zinc 

Amalgamated  zinc  (surface  wet  with  fluid  1 
mercury) j 

Electromotiye  force  of  combinations  :— 

Amalgamated  zinc — Amalgamated  copper  ... 

„  „  Electro-copper 

„  i>  Bright  copper    

Electro-zinc — Amalgamated  copper    

„        „        Electro-copper 

„        „        Bright  copper 

Bright  zinc — Amalgamated  copper     

„        „        Electro-copper  

„        „        Bright  copper 


+O10 
+■002 

+•005 
+  003 


1115 
1116 
1-124 


+O01 
-■003 

-•005 


MIO 
Mil 
M15 


-009 
•006 

•010 
•007 


•006 
•006 
•009 


+•006 
—001 

+•001 
-•001 


1113 
1114 
1120 


1116 
1118 
1124 


1110 
Mil 
M14 


•006 
•007 
•010 


1114 
1115 
1121 


1-119 
1121 
1-126 


1109 
1110 
M12 


•010 
•Oil 
•014 


1116 
1116 
1122 


108.  The  above  figures  are,  as  already  stated,  derived  from 
the  observations  made  during  the  first  four  hours  after  setting 
up  the  cells,  the  values  registered  during  the  first  half  hour  or 
so  with  weaker  solutions  being  rejected  on  account  of  their  fre- 
quently being  lower  than  the  sensibly  constant  values  attained  to 
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subsequently.  When  the  cells  were  allowed  to  stand  for  tweniy- 
four  hoars,  or  for  longer  periods,  a  greater  or  less  fall  in  the 
E.M.F.  was  usually  noticed :  by  taking  out  any  pair  of  the  plates 
(«.  g.  the  amalgamated  zinc  and  the  electro-copper  plates)  and 
replacing  them  by  a  freshly  prepared  similar  pair,  it  was  found 
that  the  value  rose  again  to  sensibly  the  same  value  as  en  the 
previous  day  when  only  set  up  a  few  hours;  so  that  by  taking 
out  first  one  and  then  the  other  of  the  pair  of  plates,  determi- 
nations could  be  made  of  the  amount  of  the  total  fall  attribu- 
table to  alterations  of  either  plate  separately.  The  actual 
values  thus  obtained  fluctuated  considerably.  As  a  general 
rule,  it  was  found  that  bright  copper  plates  gave  the  same 
value  after  twenty-four  hours'  immersion  as  they  did  at  first ; 
but  occasionally  the  value  was  lowered  by  '002  to  '004. 
Electro-copper  plates  usually  gave  values  less  by  '002  or  '003 
after  twenty-four  hours  than  at  first ;  and  in  some  instances, 
when  the  pink  electro-metal  was  sensibly  browned  or  disco- 
loured by  oxidation,  either  all  over  or  here  and  there  in  spots, 
the  diminution  was  even  greater,  sometimes  as  much  as  *010. 
Amalgamated  copper  plates,  if  the  surface  were  still  white  and 
brilliant  after  twenty-four  hours,  gave  the  same  value  as  at 
first ;  but  if  the  mercury  had  sunk  into  the  copper,  and  brown 
spots  of  oxidized  metal  were  here  and  there  visible,  the  E.M.F* 
was  a  few  thousandths  of  a  volt  lower  than  at  first.  With  the 
zinc  plates  greater  diminutions  were,  as  a  rule,  observed.  In 
some  cases  amalgamated  plates  showed  little  or  no  diminution 
affcer  tweniy-four  hours;  but  generally  a  diminution  of  '002  to 
'005  was  observed ;  whilst  with  bright  and  electro-zinc  plates 
diminutions  of  from  '001  to  '015  were  noticed.  On  the  whole, 
after  twenty-four  hours  the  E.M.F.  was  sometimes  unchanged, 
and  sometimes  less  by  '020.  After  forty-eight  hours  the  fall 
was  more  perceptible  still,  the  few  combinations  that  had  not 
appreciably  altered  during  twenty-four  hours  always  showing 
a  decided  fall  after  a  longer  period.  It  is  noticeable  in  this  con- 
nexion, that  cells  after  DanielPs  construction,  but  containing 
other  metals  than  copper,  did  not  always  give  the  same  results 
as  normal  Daniell  cells.  Thus,  for  instance,  whilst  cells  con- 
taining cadmium  sulphate  and  cadmium  plates  behaved  like 
copper  Daniells,  in  diat  the  E.M.F.  was  sensibly  steady  for 
some  hours  after  first  setting  up,  and  only  exhibited  a  mea- 
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surable  fall  after  several  hours  had  elapsed,  and  not  always 
then,  analogous  cells  containing  silver  sulphate  and  silver 
plates  invariably  showed  a  perceptible  fall  in  less  than  an  hour 
after  first  setting  up,  the  diminution  becoming  progressively 
greater  as  a  longer  time  elapsed.  That  this  diminution  was 
due  te  a  change  (presumably  oxidation  by  dissolved  air) 
induced  on  the  surface  of  the  zinc  plate  was  rendered  evident 
by  the  fact  that,  on  taking  out  from  such  a  zincHsilver  cell  the 
zinc  plate  after  the  lapse  of  an  hour  or  more,  and  opposing  it 
to  electro-copper  in  an  ordinary  zinc-copper  Daniell,  an  E.M.F- 
was  indicated  considerably  less  than  the  value  given  by  a  fresh 
zinc  plate,  and  usually  just  about  as  much  less  as  represented 
the  fall  in  E.M.F.  observed  with  the  zinc-silver  cell  at  the  end 
of  the  period  during  which  it  was  observed,  as  compared  with 
the  E.M.F.  at  the  beginning  of  that  period,  when  it  was  newly 
set  up. 

109.  It  is  further  to  be  noticed,  that  all  the  above-mentioned 
figures  were  obtained  with  cells  the  nature  of  the  construction 
of  which  was  such  that  difiusion  of  copper-sulphate  into  the 
zinc-sulphate  solution,  and  consequent  deposition  of  copper  on 
the  surface  of  the  zinc,  did.  not  take  place  at  all  during  the 
whole  time  that  the  observations  lasted.  With  ordinary 
gravity-cells  it  is  almost  impracticable  to  prevent  traces  of 
copper  reaching  the  zinc  after  some  twenty-four  hours  at 
latest :  the  efiect  of  the  deposition  of  even  the  faintest  traces  of 
copper  on  the  zinc  surface  is  to  cause  a  considerable  fraction 
of  the  energy  due  to  the  solution  of  the  zinc  to  become  non- 
adjuvant,  and  thus  materially  to  diminish  the  E.M.F.  Thus, 
for  instance,  the  following  figures  were  obtained  with  one  cell, 
and  similar  ones  in  numeix)us  other  cases: — 

E.M.F.  of  gravity-cell  newly  set  up:  zinc  plate l^.^^o 
wholly  free  from  copper J 

After  8  hours:  faint  tarnish  visible  on  the  zinc  .  1*095 
„  24  hours:  slight  film  of  copper  on  the  zinc  .  1'070 
„     48  hours:  thick  film  of  copper  on  the  zinc    .    1-045 

In  much  the  same  way,  the  presence  of  even  small  quantities 
of  imparities  in  the  zinc  causes  an  appreciable  diminution  in 
the  E.M.F.  In  all  the  above-described  observations,  some  of 
the  purest  zinc  that  could  be  bought  was  employed,  being 
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Suhioned  into  plates  and  rods  by  melting  in  a  porcelain 
crncible,  pouring  ont  on  a  fire-clay  tile,  and  cutting  into  slips 
widi  a  chisel;  &c.  When  commercial  sheet  or  cast  zinc  was 
used,  or  when  pnre  zinc  was  amalgamated  with  imperfectly 
purified  mercury y  the  E.M.F.  developed  when  such  zinc  was 
opposed  to  a  given  copper  plate  was  often  veiy  materially  less 
dian  the  value  obtained  with  pure  zinc,  or  pure  zinc  and 
pure  mercury.  Thus,  whilst  values  varying  between  I'lll 
and  1*116  were  obtained  with  pure  amalgamated  zinc  opposed 
to  fresh  electro-copper  as  above  described,  values  varying 
firom  1-080  to  1*109  were  obtained  with  commercial  zinc 
amalgamated  with  pure  mercury,  and  with  pure  zinc  amal- 
gamated with  impure  mercury,  similarly  opposed. 

It  is  abundantly  evident  from  the  above-described  results 
(not  to  speak  of  those  detailed  later  on),  that  ^'  the  E.M.F. 
of  a  Daniell  cell "  is  a  unit  of  comparison  subject  to  decidedly 
wide  limits  of  fluctuation ;  but  that  it  is  possible  to  reproduce 
a  standard  cell  of  the  kind  within  a  maximum  limit  of 
variation  of  about  +0*25  per.  cent.,  by  using  Baoult's  form  of 
construction  together  with  a  recently  electro-coppered  or 
amalgamated  copper  plate,  and  a  pure  zinc  plate  amalga- 
mated with  pure  mercury,  the  zinc-  and  copper-sulphate 
solutions  used  being  both  of  the  same  specific  gravity,  the 
predse  value  of  the  specific  gravity  being  immaterial.  Even 
when  made,  however,  such  a  standard  cell  cannot  be  relied 
on  for  more  than  a  few  hours.  It  will  be  shown  in  a 
subsequent  paper  that  whilst  Latimer  Clark^s  mercurous- 
snlphate  cell  is  subject  to  an  even  wider  range  of  fluctuation 
in  E.M.F.  than  the  best  forms  of  Daniell  cell,  its  permanence 
is  very  far  superior,  a  well-constructed  cell  giving  absolutely 
the  same  value  (when  used  in  conjunction  with  a  quadrant 
electrometer  only)  for  months  and  months  together. 

110.  The  above  described  experiments  having  given  results 
indicating  the  average  values  of  the  electromotive  forces 
developed  with  diflerent  characters  of  plates  when  the  specific 
grarities  of  the  solutions  surrounding  the  plates  are  the  same, 
farther  series  of  observations  were  made  with  cells  in  which  the 
zmc-  and  copper-sulphate  solutions  were  not  of  the  same 
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specific  gravity;  the  mode  of  operating  being  otherwise  the 
same  as  before.  As  predicable  from  Moser's  figures,  and  as 
previously  observed  by  H.  F.  Weber,  it  was  found  that  when 
the  copper-sulphate  solution  was  the  more  dense  of  the  two, 
tibie  E.M.F.  was  higher  than  with  solutions  of  equal  density, 
and  vice  versd  when  the  zinc-sulphate  solution  was  the  stronger. 
The  average  results  of  various  observations,  mostly  lasting 
over  four  hours  as  before,  are  contained  in  the  following  table  ; 
in  every  case  the  zinc  plate  employed  was  of  pure  metal  and 
amalgamated  with  pm*e  mercury. 


Efiect  of  increasing  the  strength  of  the  Zinc-sulphate  solation 
relatively  to  that  of  the  Copper-sulphate. 


Specific  gra- 
vity of  Bolu- 
tiop   used. 


Zinc 
sul- 
phate. 


Copper 
sulphate. 


1-146 


1-175 


*1-Sd5 


*1-S05 


Nature  of 
copper 
plate. 


1-010  I 


1-060 


1-060 


1010 


#1-176  ( 


Ayerage  B.M.F.  at  18^  of 
combination. 


Ob- 
serred, 


Electro. 
Bright. 


Electro. 
Bright. 


Electro. 
Bright. 


Electro. 
Bright 


Electro. 
Bright 


Preyiously 
found  for 
solutions  of 
equal  spe- 
cific gra- 
yity. 


1-099 
1107 


1102 
1-108 


1096 
1108 


1*077 
1-066 


1-097 
1-104 


1-114 
1120 


1-114 
1-120 


1-114 
1-120 


1-114 
1120 


1-114 
1-120 


Differ- 
ence. 


•015 
•013 


-014 

•012 
•012 


•012 

•018 
■017 


•0175 

-037 
•034 


-0365 

-017 
-016 


-0165 


Batioofdiffi»r- 
ence  in  E.1LF. 
to  diifiBrence  in 
specific  grayity. 


UH  =  105 


Tift  ="0^^ 


^=^ 
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Efieot  of  increasing  ihe  strength  of  the  Copper-snlphate  sola- 
tion  relatively  to  that  of  the  Zino-solphate. 


lOlO   1-090 


1-010 


1O50 


1-O90 


»1-175  I 
#1-176  I 
•M76  I 


SlecfcTO. 
Bright. 

1129 
M35 

1132 
1141 

1126 
1133 

1123 
1128 

1114 
1120 

1114 
1-120 

1-114 
1-120 

1114 
1120 

•016 
•015 

;So  =0-188 
.2^-100 

Electro. 
Bright 

•015 

•018 
•021 

Electro. 
Bright. 

•0195 

•012 
•013 

Electro. 
Bright 

•0125 

•009 
-008 

•0086 

It  is  evident  firom  these  figares  that  the  accumulation 
round  the  zinc  plate  of  zinc  sulphate^  and  the  exhaustion  of 
the  copper  sulphate  in  the  solution  round  the  copper  plate, 
even  if  carried  out  to  the  utmost  possible  extent,  could  not 
diminish  the  E.M.F.  of  a  Daniell  cell  by  more  than  '03  to  *04 
volt;  whilst  it  is  hardly  probable,  even  with  tolerably  rapid 
currents,  that  the  accumulation  would  suffice  to  diminish 
the  E.M.F.  by  more  than  half  that  amount — a  diminution 
abnost  negligible  in  comparison  with  the  much  larger  amounts, 
0*1  volt  and  upwards,  found  above  to  be  due  to  this  cause  of 
diminution  and  non-adjuvancy  jointiy. 

It  is  noticeable  in  passing  that  the  above  figures  show  that 
when  two  solutions  of  zinc  and  copper  sulphates  interdifiuse, 
the  E.M.F.  set  up  (like  that  produced  by  the  interdifiusion  of 
two  zinc-6ulphate,or  of  two  copper-sulphate  solutions,  as  studied 
by  Moser)  is  of  such  a  character  that  the  stronger  solution 
acquires  ilie  higher  potential ;  the  actual  value  of  the  E.M.F. 
developed  also  is  less  for  a  given  difference  in  specific  gravity  the 
i^fonger  the  solutions^  and,  so  far  as  the  two  sets  of  results  can 
be  compared,  agrees  fairly  with  the  values  deducible  from 
Uoser's  experiments — ^indicating  that  the  diiSerence  between 

the  E.M.F.  set  up  when  two  different  solutions  of  \  ™^ , 


\  copper 


•  Solution  almost  satoxsted  at  ordinaiy  temperataiea. 
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Bulphate  diffuse  into  a  constant      ^P^    f  sulphate  solution  is 

substantially  the  same  as  the  E.M.F.  set  up  when  these  two 

different  ^  ^^    >  sulphate  solutions  diffuse  into  each  other, 
copper  J        ^ 

Moreover  ihe  effect  of  a  given  alteration  in  tibie  strength  of 
the  zinc-sulphate  solution  (every  thing  else  remaining  the 
same)  is  sensibly  equal  in  amount,  but  opposite  in  sign^  to 
that  of  a  similar  alteration  in  the  strength  of  the  copper- 
sulphate  solution;  it  is  evident  that  only  when  this  is  the  case 
can  the  E.M.F.  of  the  cell  be  the  same  whether  the  solutions 
be  strong  or  weak.  It  will  be  shown  in  a  future  paper  that 
this  property,  though  not  absolutely  peculiar  to  the  normal 
Daniell  cell,  is  still  rather  the  exception  than  the  rule  with 
analogous  voltaic  combinations. 

E.vperimenU  with  Daniell  Cells  containing  dilute  Sulphuric 

Add. 

111.  In  all  the  above  described  experiments,  the  solution 
surrounding  the  zinc  plate  was  one  of  pure  zinc  sulphate. 
Various  previous  experimenters,  notably  H.  F.  Weber,  have 
found  higher  values  for  the  electromotive  forces  of  Daniell 
cells  containing  dilute  sulphuric  add  than  for  those  containing 
zinc-sulphate  solution  {vide  §  113):  a  priori  sl  higher  value 
might  be  anticipated,  because  a  notable  amount  of  heat  is 
evolved  on  further  diluting  even  weak  sulphuric  acid;  so  that 
the  total  energy  gained  in  the  cell  is  not  merely  that  due  to 
the  displacement  of  copper  from  copper  sulphate  by  zinc,  but 
also  that  gained  in  the  dilution  of  the  sulphuric  acid  through 
the  diffasion  which  necessarily  goes  on.  On  trying  experi- 
ments of  the  same  kind  as  those  just  described  with  cells  con- 
taining dilute  sulphuric  acid  of  various  strengths  (the  zinc 
being  amalgamated),  it  was  found  that  not  only  was  there  a 
considerable  want  of  permanence  in  the  E.M.F.  set  up,  the 
values  perceptibly  decreasing  after  a  period  of  time  (varying 
in  different  cases  from  half  an  hour  to  several  hours)  had 
elapsed  since  setting  up  the  cells,  but,  further^  that  two  cells, 
apparently  set  up  in  identically  the  same  way,  exhibited  much 
greater  differences  in  their  readings  during  the  period  before 
the  E.M.F.  began  to  diminish,  than  were  observed  in  the  zino- 
fiulphate  cells  examined  as  above  described.    On  the  whole, 
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however;  the  average  valaes  obtained  distinctly  pointed  to  the 
ooncliuion  that,  when  the  acid  and  coppernsolphate  solutions 
are  of  the  same  specific  grayiiy,  the  E.M.F.  rises  wiih 
strengili  of  the  solution  ;  and  that  when  they  are  not  of  the 
same  specific  grayiiy  (the  acid  not  being  stronger  than  spe- 
cific grayiiy  1*18),  the  E.M.F.  is  sensibly  that  due  to  a  cell 
containing  liquids  both  of  specific  gravity  equal  to  that  of 
the  add  in  the  cell  examined,  corrected  by  the  addition  (or 
subtraction)  of  a  quantity  representing  the  difference  in  spe- 
cific gravity  of  the  solutions  multiplied  by  the  numerical  value 
deduced  from  the  zinc^sulphate  cell  experiments,  representing 
the  difference  in  E.M.F.  produced  by  a  variation  in  the  specific 
gravity  of  the  copper-sulphate  solutions  equal  to  that  between 
the  acid  and  copper  sulphate  in  the  cell  examined:  i.  e,  if,  for 
example,  the  E.M.F.  of  a  cell  containing  both  liquids  of  sp. 
gr.  1*100  be  E,  that  of  a  copper-cell  containing  acid  of  sp.  gr. 
1*100  and  copper-sulphate  solution  of  sp.  gr.  1*010  will  be 
E— (I'lOO— 1*010)  Xa,  where  m  is  the  factor  expressing  the 
diminution  per  unit  difference  of  specific  gravity  in  the  E.M.F. 
between  the  limits  of  sp.  gr.  1*010  and  1*100  for  copper- 
sulphate  solution.  Similarly,  that  of  a  cell  containing  acid  of 
sp.  gr.  1*100  and  copper-sulphate  solution  of  sp.  gr.  1*175 
would  be  E  +  (1*175— 1*100))9,  where  ^  is  the  corresponding 
fiictor  for  a  difference  in  specific  gravity  between  the  limits 
1*100  and  1*175. 

Thus,  for  instance,  the  following  values  were  obtained  with 
a  cell  containing  fluids  both  of  sp.  gr.  1*175,  the  temperature 
being  close  to  18^  throughout. 


Period  nnoe  Betting  up. 

During 
Ist  hour. 

2nd  hour. 

Srdhour. 

4th  hour. 

Ayemge. 

]QeotroHX>pper  plate    

Bright        „         „     ...... 

M61 
1-167 

M62 
1-168 

1163 
1-168 

1-160 
1-166 

1-1615 
11672 

In  most  cases,  however,  a  distinct  fell  of  upwards  of  *005  volt 
occurred  in  less  than  four  hours. 

A  number  of  similar  series  of  observations  (upwards  of 
thirty)  with  various  other  cells,  in  which  the  fluids  were 
always  of  equal  specific  gravity,  gave  the  following  results, 
the  observations  being  only  continued  as  long  as  the  E.M.F. 
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remained  senBibly  constant — i.  e.  for  a  period  of  time  varying 
from  thirty  minutes  to  four  hours,  and  averaging  about  two 
hours.  In  all  these  experiments  electro-copper  and  amalga- 
mated pure  zinc  plates  were  employed. 


Spedflc  grarity 
ofauids. 

BlectromotiTe  force  set  up,  in  Tolts. 

Maxiniuxn. 

Mininiuni. 

Ayerage. 

1-010 
1-060 
1-090 
1-175 

1-143 
1-160 
1156 
M79 

1-121 
1-128 
1-137 
1161 

1-129 
1139 
M48 
1-169 

Evidently,  even  with  the  weakest  acid,  the  E.M.P.  is  sen- 
sibly above  that  developed  with  zinc-sulphate  cells — ^viz.  1'114; 
whilst  with  stronger  solutions  the  difference  is  yet  more 
marked. 

112.  A  number  of  analogous  observations  were  made  with 
cells  containing  dilute  sulphuric-acid  and  copper-sulphate 
solutions,  not  both  of  the  same  specific  graviiy:  the  average 
results  were  as  follows: — 


Specific  graTity  of 
BolutionB. 

Ehcoess  of  spe- 
cific grayity  of 
copper  sul- 
phate oyer 
acid  solution. 

Approximate 
correction  for 
excess  of  spe- 
cific gravity 
of  copper 
sulphate. 

Arerage 

b.mTf. 

obeerred. 

Observed  E.M.F. 

corrected  for 
excess  of  roedfic 
gravity  of  cop- 
per sulphate. 

Add. 

Copper 
gulpnate. 

1-010 
1-010 
I-OIO 

1-060 
1-090 
1-175 

+•040 
+•080 
+•165 

-0008 
-O015 
-0-019 

1-147 
1135 
1-137 

1139 
1120 
1118 

..  =  1126 

1-050 

1175 

+■125 

-0O12 

1-148 

1136 

1-175 
1-175 

1-060 
1-090 

-125 
-085 

+0-012 
+0O08 

1168 
1164 

1180 
1170 

Average.... 

..  =  1-175 

The  final  averages  representing  the  E.M.F.  corrected  to 
the  uniform  specific  gravities  I'OIO,  1*050,  and  1'175  respec- 
tively, do  not  difier  from  the  values  directly  obtained  as  just 
described  for  these  specific  gravities  by  amounts  outside  the 
limits  of  experimental  error  in  this  class  of  the  various  expe- 
riments made. 
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A  peculiar  resnlt  was  obtained  wiiih  cells  containing  snl- 
phnrio  acid  of  sp.  gr.  1*265,  and  nearly  saturated  copper- 
snlpliaie  solution  of  sp.  gr.  1*175.  The  E.M.F.  was  consider- 
ably depreciated,  the  average  yalne  in  fonr  sets  of  experi- 
ments with  electro-copper  and  amalgamated  pure  zinc  plates 
being  only  1-084  (maximnm  1*095,  minimnm  1*067).  On 
standing  a  few  honrs,  coppernsnlphate  crystals  formed  at  the 
junction  of  the  two  flnids,  showing  a  much  less  degree  of  solu- 
bility of  the  salt  in  the  acid  fluid  formed  than  in  pure  water. 

Selationships  between  the  maximum  E,M,F»  developed  by  a 
Danidl  Cell  and  the  Energy  due  to  the  net  Chemical  action 
taJcmg  place  therein. 

113.  The  above-described  results  afford  a  ready  explanation 
of  the  discrepancies  between  the  valuations  of  the  E.M.F.  of 
a  Daniell  cell  that  have  been  made  in  absolute  measure  by 
various  observers,  amongst  the  more  important  of  which  may 
be  cited  those  of  Bosscha  (Pogg.  Ann.  ci.  p.  517,  1856), 
von    Waltenhofen    (Fogg.    Ann.    cxxxiiL  p.  478,    1868), 
Eohlrausch  (Fogg.  Ann.  cxli.  p.  456,  and  Ergdm.  vi.  p.  85), 
H.  F.  Weber  (Fhil.  Mag.  1878,  [5]  v.  p.  189),  and  J.  Thom- 
son (Wied.  Ann.  xi.  p.  246,  1880),  all  of  which  valuations 
lie  between  1*088  and  1*132  volt  when  reduced  to  that  unit 
(and,  in  the  case  of  Bosscha's  results,  corrected  for  an  error  of 
about  8  per  cent,  in  the  value  of  the  coil  used  by  him).     To 
these  may  be  further  added  the  electrostatic  valuations  of 
Sir  W.  Thomson  and  Latimer  Clark,  both  of  which  lie  near  to 
1*11  volt.     Favre  {Comptes  Rendus,  Ixix.  p.  35)  and  Baoult 
{Ann.  Chem.  Phys.  [4]  ii.  p.  338,  and  iv.  p.  392)  obtained  by 
methods  involving  calorimetric  measurements  numbers  repre- 
senting the  '^  galvanic  heat "  of  a  Daniell  cell,  and  equivalent 
to  considerably  smaller  electromotive  forces,  their  valuations 
(23993  and  23900  gramme-degrees  respectively)  corresponding 
to  1-058  and  1*054  volt.     In  these  instances,  and  in  the  case 
of  the  lower  values  obtained  by  other  observers,  doubtless  the 
"polarizations"  produced  by  the  passage  of  the  tolerably 
powerful  currents  employed  were  considerable.     The  highest 
values  were  obtained  wiili  cells  in  which  dilute  sulphuric  acid 
was  used;  thus,  H.  F.  Weber  found  that  a  perceptibly  higher 
value  was  obtained  with  such  a  cell  than  with  one  containing 
zmc-sulphate  solution,  viz.  1*1317  and  1*1286  (mean= 11301) 
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as  oompared  with  1*0954.  That  this  should  be  ihe  case  is 
predicable  from  the  nature  of  the  heat-evolntions  taking 
place  when  zinc  is  dissolved  in  acid  of  yarioos  strengths.  Let 
an  amount  of  heat^  H,,  be  evolved  when  a  gramme-equivalent 
of  zinc  oxide  is  dissolved  in  sulphuric  acid  of  given  strength^ 
S04H2^  m  HjO ;  and  let  Hj  be  the  heat  evolved  on  its  solution 
in  acid  of  a  diflFerent  strength  SO4  Hj,  n  Hj  0,  n  being  less 
than  m.  Let  the  solution  SO^Zn,  nHjO,  resulting  in  this 
latter  case,  evolve  h^  of  heat  on  the  addition  of  (m—n)  H3O, 
so  as  to  form  the  solution  SO4  Zn^  m  H^O;  and  let  the  heat 
evolved  on  the  addition  of  this  quantity  of  water  to  S04H9^ 
n  H9  0,  so  as  to  convert  it  into  SO4  H„  m  HjO,  be  A^.  Then, 
if  the  zinc  oxide  were  dissolved  in  the  stronger  acid,  and 
the  zinc  sulphate  diluted,  the  heat-evolution  would  be  Hj  + A^ ; 
whilst  if  the  acid  were  diluted  first,  and  the  zinc  oxide  were 
then  dissolved  in  it,  the  total  heat  evolved  would  be  Hi  +  A^. 
Since  of  necessity  the  two  amounts  of  heat,  H,  +  hi  and 
Hi  +  Aj,  must  be  equal,  it  results  that  H3=Hi— Aj  +  Aj. 
Now  A2  is  a  considerable  positive  quantity  in  all  cases ; 
whilst  Thomsen's  results  on  the  heat  evolved  on  solution  of 
salts  in  water  {DeuL  chem.  Ges.Berickte^  1873,  p.  710)  indicate 
that  when  the  solution  is  accompanied  by  heat-absorption 
(as  is  the  case  with  zinc  sulphate),  a  further  heat-absorption 
iakes  place  on  diluting  a  stronger  solution  of  the  salt  with 
water,  so  that  Ai  has  a  negative  value.  Hence,  on  both 
accounts,  H^  is  greater  than  Hi ;  that  is,  the  work  gained  in 
the  synthesis  ZnO^  SOs  x  aq.  increases  as  x  diminishes.  Since 
the  net  chemical  action  in  a  Daniell  cell  is  equivalent  to 
the  result  of  the  actions  (Zn,  0)  +  (ZnO,  SOj  x  aq.)-(Cu,  0, 
SOsyaq.),  it  finally  results  that  the  chemical  action  taking 
place  in  the  cell  develops  an  amount  of  energy  which  in- 
creases, coBterxB  paribusy  as  x  diminishes,  t.  e,  is  greater  the 
more  concentrated  the  acid  surrounding  the  zinc. 

On  the  other  hand,  when  the  zinc  plate  is  surrounded  by 
zinc-sulphate  solution  instead  of  sulphuric  acid,  the  efiect  of 
variation  in  the  strengths  of  the  copper-  and  zinc-sulphate 
solutions  will  be  comparatively  but  small  when  both  are  of 
the  same  degree  of  molecular  concentration  (which,  as  shown 
above,  is  very  nearly  the  case  when  they  are  of  the  same 
density).     If  S0«  Zn,  nELfi  evolves,  as  before,  h^  on  addi- 
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Hon  of  (m—n)  H^O^  and  S04Ca,nH|0  eToIves  Ag  on  a 
similar  addition,  and  if  H^  and  H4  are  respectively  the  heats 
evolyed  when  zinc  displaces  copper  from  Cn  SO4,  nH^O,  and 
Ca  SO4,  mHsO,  it  results  that,  if  zinc  displace  copper  ftx>m  the 
stronger  solution  and  the  resulting  SO4  Zn,nHsO  be  diluted  to 
Zn  S04,mHsO,  the  heat  evolved  will  be  Hs+ ^  ;  whilst  if  the 
copper- sulphate  solution  be  first  diluted  and  then  the  zinc 
displaces  the  copper,  the  heat-evolution  is  H4  +  Ag.     Since,  of 
necessity,  Hs  +  Ai= H4+ A3,  it  follows  that  Ha=H4+Aj— Aj. 
2fow,  since  the  solution  of  zinc  and  copper  sulphates  (crystal- 
lized) is  in  each  case  accompanied  by  heat-absorption,  it  results 
timi  A)  and  hy  are  both  negative,  and  hence  that  Ag^Ai  is 
negligible  if  A^  is  any  thing  like  comparable  with  A|  in  magni- 
tude ;  so  that  in  this  case  the  energy  developed  by  the  net  che- 
mical action  taking  place  in  a  Daniell  cell  must  be  practically 
independent  of  the  degree  of  concentration  of  the  solutions. 

114.  The  earlier  calculations  of  J.  Thomson,  referred  to  in 
§16,  as  to  the  heat  evolved  in  the  displacement  of  copper 
from  copper  sulphate  by  zinc,  are  for  various  reasons  probably 
less  accurate  than  the  later  results  obtained  by  him  (Joum. 
praL  Chem.  [2]  xi.  p.  412,  and  xii.  p.  271)  ;  these  different 
values  may  be  thus  contrasted,  the  values  being  gramme- 
degrees  per  gramme-molecule : — 

Values  from  experiments  by  An- 
drews, Dulong,  Hess,  Favre  and 
Silbermann,  and  J.  Thomsen. 

Zn,  0,  SO,  aq.  =  108460 
Cu,  0,  SO,  aq.  =  56216 

Difference  =     52244 
Corresponding  in  volts  (perl 
gramme-equivalent)  to  1*152  ) 

The  earlier  value  is  deduced  from  observations  in  which 
the  heat  of  formation  of  copper  oxide  from  the  metal  by 
combustion  is  involved,  the  copper  being  in  a  more  or  less 
compact  state,  filings  &c. ;  the  latter  involves  the  determination 
of  the  heat-evolution  during  ihe  precipitation  of  spcmgy  copper 
from  copper  sulphate  by  iron.  Leaving  out  of  sight  other 
sources  of  difference  between  the  two  values,  this  affords  a 
reason  why  the  former  value  should  be  the  higher,  since  heat 
is  evolved  in  the  transformation  of  spongy  into  compact 


Values  from  later  ezperimenta 
of  J.  Thomaen. 

106090 
55960 

50130 
M05 
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copper*.  On  the  whole,  it  is  evident  that  the  net  che- 
mical change  taking  place  in  a  Daniell  cell  (t.  e.  the  displace- 
ment of  copper  from  copper  sulphate  by  zinc)  corresponds  to 
an  E.M.F.  which  is  a  little  higher  than  1'105  volt  by  an 
amount  which  is  the  greater  the  more  compact  the  copper 
precipitated,  and  is  approximately  constant  when  the  zinc 
plate  is  surrounded  by  zinc-sulphate  solution  of  the  same 
equivalent  strength  as  the  copper-sulphate  solution  surrounding 
the  copper  plate,  but  is  influenced  by  the  strength  of  the 
dilute  sulphuric  acid  when  the  fluid  surrounds  the  zinc  plate. 
The  amount  of  this  influence  can  be  approximately  calculated 
from  Thomson's  determinations  of  the  heat  developed  in  the 
formation  of  the  solutions  of  strengths  indicated  by  HsS04, 
nHjO  where  n  varies  (Deut.  chem.  Ges.  Berichte^  iii.  p.  496), 
Thomson  finds  in  gramme-degrees  per  gramme  molecule : — 


n  gramme-degrees. 

9  .........  14940 

19  16248 

49  16676 

99  16850 


n  gramme-dogrees. 

199  17056 

399  17304 

799  17632 

1599  17848 


From  which  table  the  values  for  any  intermediate  values  of 
n  can  be  obtained  by  interpolation.  In  the  experiments 
leading  to  the  valuation  50130  gramme-degrees  for  the  heat 
developed  during  the  precipitation  of  a  gramme  molecule  of 
copper  by  zinc,  Thomson  used  fluids  containing  altogether  800 
molecules  of  water  to  one  of  zinc  sulphate,  &c.  Hence,  were 
the  acid  used  in  the  synthesis  Zn,  0,  80s  ^'9  to  be  H^  SO4, 

*  That  this  is  so  is  shown  by  the  circumstance  that  if  a  cnnent  be  sent 
through  a  decomposing-cell  containing  copper-sulphate  solution  and 
copper  electrodes,  of  which  the  positive  one  is  of  compact  rolled  metal,  a 
considerably  higher  difierence  of  potential  is  set  up,  under  any  given 
conditions  and  with  a  steady  current,  than  is  set  up  when  the  -f  electrode 
is  replaced  by  one  covered  with  freshly  electro-deposited  metal.  The  more 
spongy  texture  of  the  latter  corresponds  to  a  greater  heat-development 
during  solution  than  that  taking  place  with  the  compact  metal,  and  hence 
to  a  diminution  of  the  work  that  has  to  be  done  by  the  current  in  passing ; 
with  not  very  powerful  currents  the  di^rence  often  exceeds  '02  or  '08 
volt,  corresponding  to  450  to  700  gramme-degrees  per  gramme  equivalent. 
In  a  somewhat  similar  way,  but  usmg  the  mercurial  calorimeter,  Favze 
found  {Conges  Betidua,  Ixxiii.  p.  1268)  that  electro-copper  gave  out 
about  1000  gramme-degrees  more  heat  than  rolled  metal  per  gramme 
equivalent  \  this  would  correspond  to  an  E.M,F.  of  *044  volt 
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17  HjO  (corresponding  nearly  to  the  sp.  gr.  1'175),  instead 
of  Hj  SO4,  800  HjO,  the  heat-development  would  be  greater 
than  106090  by  17632-15986=1646  gramme-degrees  per 
gramme  molecule  (15986  being  the  heat  of  dilation  of 
snlphnric  add  when  nsl?,  deduced  from  the  above  table): 
this  corresponds  to  823  granmie-degrees  per  gramme  equivalent 
=*036  volt ;  t.  e.  the  E.M.F.  corresponding  to  the  heat- 
development  during  the  displacement  of  copper  from  copper 
sulphate  by  zinc  would  be  greater  than  1'105  volt  by  '036, 
or  would  be  1*141  volt.  To  this  amount  should  also  be 
added  the  value  of  the  E.M.F.  equivalent  to  the  heat-absorption 
during  the  dilution  of  ZnS04,17H,0  to  Zn  SO4, 800  HjO. 
In  a  similar  fashion  it  is  calculable  that  to  the  value  1*105 
should  be  added  the  amounts  *023,  '019,  and  *008  volt  when 
sulphuric  acid  of  sp.  gr.  1*090,  1*050,  and  1*010  respectively 
surrounds  the  zinc,  giving  the  sums  1*128, 1*124,  and  1*113 
respectively.  Hence,  finally,  the  following  tables  of  values 
result: — 


Zinc  surroimded  by  Zinc-sulphate  solution. 


Electromotive  force  corre- 
sponding to  net  chemical 
action. 


1-105  +  ^, 
where  ^  is  a    small 

auantity  varying  with 
be  physical  condition 
of  the  copper  depo- 
sited. 


Electromotive  force  observed. 

Bright  zinc  opposed  to  bright")  1.1  oa 
copper J 

Bright  zinc  opposed  to  electro-  1 1 .1 1  g 
copper J 

Bright  zinc  opposed  to  amal-1  1  .i  15 
gamated  copper     •     .     .     J 

Amalgamated  zinc  opposed  toli.ioA 
bright  copper   ....     J 

Amalgamated  zinc  opposed  to  )  1.114 
electro-copper  .     .     .     .     j 

Amalgamated  zinc  opposed  to  )  ..  .^  ■.  q 
amalgamated  copper  .     .     J 

Electro-zinc  opposed  to  bright  I  1 .1 91 
copper / 

Electro-zinc  opposed  to  elec-  ^ 
tro-copper 

Electro-zinc  opposed  to  amal- 
gamated copper     .     .     . 


|: 


116 
114 
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Zinc  sarrounded  by  dilate  Salpharic  Acid. 


Strength  of  acid. 


HjSO*,  358H8O=sp.gr;l'010 
H,S04,  67H,0=  „  1-050 
H,S04,  37H,0=  „  1-090 
HaS04,  17H30=  „  1-175 
where  y  is  a  small  quantii^  corresponding  to 
the  heat  absorbed  on  dilution  of  the  zinc  sul- 
phate to  ZnSO4,800H3O. 


Calculatdd 

electromotiYe 

foice. 

1-113  +  ^+y 
1-124: +  «+y 
l-128+a?+y 
1-141 +  a?+y 


E.M  J*.  ohasmA 

with  electio-coppetr 

opposed  to  amal^par- 

mated  zinc. 

1-129 

1-139 

1-148 

1-169 


It  is  hence  evident  that  in  all  cases  the  agreement  between 
the  E.M.F.  actually  developed  and  that  due  to  the  net  che- 
mical and  physical  actions  taking  place  is  so  close,  that  what 
differences  exist  lie  within  the  limits  of  experimental  error ;  so 
that,  finally,  the  conclusion  may  be  drawn  that,  under  favourable 
conditions,  the  E.M.F.  of  a  Daniell  cell  is  that  due  to  the  net 
resultant  of  the  various  physical  and  chemical  actions  taking 
place,  the  whole  of  the  energy  being  adjuvant,  viz.  that 
gained  by  the  displacement  from  copper-sulphate  solution  of 
copper  by  zinc,  together  with  that  gained  by  the  transfor- 
mation into  ordinary  electro-metal  of  the  "  nascent "  copper 
first  thrown  down  by  the  action ;  whilst  under  other  conditions 
the  E.M.F.  falls  below  this  amount,  even  after  making 
allowance  for  the  effect  of  the  migration  of  the  ions  in 
causing  solutions  of  different  specific  gravities  to  accumulate 
round  the  plates,  indicating  non-adjuvancy  of  one  or  other 
or  both  of  these  component  portions  of  the  total  energy  gained. 

Experiments  made  toitti  a  view  to  find  whether  the  Fall  m 

E.MJ'.  on  increasing  the  Current-density  is  mainly  depen^ 

dent  on  changes  taking  place  in  connexion  with  the  actions  at 

the  stir/ace  of  the  Zinc  or  at  that  of  the  Copperplate. 

115.  In  order  to  trace  out  somewhat  more  completely,  if 

possible,  how  far  that  amount  of  fall  in  the  E.M.F.  of  a 

Daniell  cell  t^^king  place  as  the  current  generated  increases, 

which  is  not  due  to  the  accumulation  of  solutions  of  zinc  and 

copper  of  different  densities  round  the  plates,  can  be  attributed 

to  actions  taking  place  at  one  or  the  other  plate  respectively. 


^ 
^ 
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the  ezperunents  described  above  (§103,  104)  were  repeated, 
with  the  difference  that,  instead  of  two  sets  of  readings  only 
being  made  (viz.  when  the  two  larger  and  tibie  two  smaller 
plates  respectivelj  were  opposed),  fonr  sets  were  made — (1) 
when  the  two  larger  plates  were  opposed,  (2)  with  the  larger 
zinc  and  smaller  copper,  (3)  with  the  two  smaller  plates,  and 
(4)  with  the  smaller  zinc  and  larger  copper  plates  opposed. 
By  interpolation  from  the  direct  observational  results,  the 
differences  of  potential  between  the  plates  for  any  constant 
cnrrent-valne  were  then  calculated  in  each  of  the  four  cases. 
By  comparing  the  valaes  thas  obtained  in  cases  (1)  and  (2) 
and  in  (4)  and  (3),  two  sets  of  differences  were  obtained, 
indicating  the  effects  prodnced  by  halving  the  area  of  the 
copper  plate,  every  thing  else  being  the  same  thronghont, 
saving  that  with  results  (1)  and  (2)  the  larger  zinc  plate, 
and  with  the  other  pair  of  results  the  smaller  zinc  plate,  was 
opposed  to  the  two  copper  plates  respectively :  although  this 
modified  the  actual  values  obtained  in  each  of  the  original 
sets  of  readings,  yet  it  produced  practically  no  effect  on  the 
differences.     In  just  the  same  way,  by  comparing  the  inter- 
polation values  in  cases  (1)  and  (4)  and  in  (2)  and  (3),  two 
corresponding  sets  of  differences  were  obtdned,  indicating 
the  effects  produced  by  halving  the  area  of  the  zinc  plate ; 
as  before,  the  two  sets  substantially  coincided.      Various 
experiments  of  this  kind  were  made  with  different  plate- 
materials  and  fluids  surrounding  them :  whilst  the  numerical 
values  obtained  were  found  to  be  to  some  extent  variable 
with  these  conditions,  yet,  on  the  whole,  it  was  always  found 
tiiat  the  effect  of  halving  the  area  of  the  copper  plate  notably 
exceeded  that  of  halving  the  area   of  tJie  zinc  plate.     For 
instance,  the  following  numbers  were  obtained  in  one  set  of 
observations  with  a  cell  containing  bright  pure  zinc  plates 
surrounded  by  zinonsulphate  solution  of  sp.  gr.  1*42,  and 
freshly-coated  electro-copper  plates  surrounded  by  copper- 
snlphate  solutions  of  sp.  gr.  1*175,  the  larger  plates  exposing 
a  surface  of  5'0  square  centimetres,  and  the  smaller  ones  expo- 
sing 2-5  square  centimetres. 
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Effect  of  halying 

the  area  of  the  copper  plate. 

Larger  zinc  plate  opposed. 

Smaller  smo  plate  opposed. 

Current, 
in  iniorO' 
amperes. 

Mean 
differ- 
ence. 

Larger 

SmaUer 

Differ 
ence. 

(4) 
Larger 

SmaUer 

Differ- 
ence. 

copper. 

copper. 

copper. 

copper. 

100 

1-082 

1-078 

•004 

1-076. 

1-073 

'•003 

-0035 

200 

1071 

1-066 

■005 

1-064 

1-060 

•004 

•0045 

600 

1061 

1-065 

•006 

1-062 

1-047 

-005 

•0055 

1,000 

1-046 

1086 

•009 

1-035 

1020 

-009 

•0090 

2,000 

1026 

1-015 

•Oil 

1-011 

•999 

-012 

•0115 

5.000 

■064 

•947 

•017 

-960 

-929 

•021 

-0190 

10.000 

•876 

-843 

•033 

•854 

-820 

■034 

•0335 

20.000 

729 

•672 

•057 

:      -698 

-639 

-059 

•0680 

Effect  of  halying  the  area  of  the  zino  plate. 

Current, 
in  micro- 

Laiger copper  plate  opposed. 

1 

Mean 
Qi"vr- 

amperes. 

Larger 

SmaUer 

Differ- 
ence. 

(2) 
Larger 

(3) 
Smaller 

Differ- 
ence. 

ence. 

1 

nna; 

zm& 

jonc* 

zinc 

1 

100 

1-082 

1^076 

•006 

1^078 

1-073 

•005 

1    -0056 

200 

1-071 

1064 

•007     1 

1066 

1-060 

•006 

1    -0066 

600 

1-061 

1052 

-009 

1-066 

1-047 

•008 

:    -0085 

1,000 

1046 

1-035 

-010 

1-036 

1-026 

•010 

1    -0100 

2,000 

1026 

1-011 

•013 

1-015 

-999 

•016 

1    ^0145 

5,000 

•964 

•950 

•014 

•947 

-929 

•018 

•0160 

10,000 

•876 

•854 

•022 

-843 

•820 

•023 

<    <0225 

20,000 

•729 

•698 

•031 

•672 

•639 

-033 

,    -0320 

116.  In  precisely  the  same  waj^  the  following  mean  differ- 
ence-valnes  were  obtained  in  two  other  analogous  experiments, 
in  the  first  of  which  the  zinc  plates  were  amalgamated  and 
immersed  in  zinc-solphate  solation  sp.  gr.  1*42,  the  copper 
plates  being  also  amalgamated  and  immersed  in  copper- 
sulphate  solution  sp.  gr.  1*175 ;  and  in  the  second  of  which 
electro-copper  plates  and  copper-sulphate  solution  sp.  gr. 
1*175  were  employed,  conjoined  witibi  amalgamated  zinc  plates 
immersed  in  (Ulute  sulphuric  acid  sp.  gr.  1*045.  The  above 
mean  difference-yalues  are  also  exhibited  in  the  table. 
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Oonent, 
in  micro- 

and  amalgamatdd 
oopper — ^zino  eul- 
pnate  solution. 

Amalgamated  zinc 
and  eleotro-oopper 
—dilute  sulphuric 
;            acid. 

Bright  zinc  and 
1  electro-oopper — 
1     zinc-sulphate 
solution. 

ampdres. 

EfFeot  of  halving 

Effect  of  halving 

Effect  of  halving 

area  of 

area  of 

area  of 

^Oopper. 

Zino. 

Oopper. 

Zino. 

Oopper. 

Zinc 

100   '    -001 

•001 

•001 

•001 

•0035 

■0055 

200   1    -004 

•002 

•002 

•003 

•0045 

•0065 

600   '    -009 

•003 

•003 

•005 

•0055 

•0086 

1,000   1    -015 

•004 

•005 

•007 

•0090 

•0100 

2,000   1    -024 

•005 

•Oil 

•010 

•0115 

•0145 

5.000        -040 

•009 

•020 

•015 

•0190 

•0160 

10,000 

-049 

•017 

•041 

•020 

•0335 

•0225 

20,000 

•058 

•026 

•066 

•032 

•0580 

•0320 

Much  the  same  kind  of  result  was  obtained  in  various 
other  similar  experiments ;  the  effect  of  halving  the  area  of 
the  copper  plate  was^  especially  with  the  stronger  currents^ 
much  more  marked  than  that  of  halving  the  area  of  the  zinc 
plate.  The  actual  value  of  the  depreciation  produced  with 
the  stronger  currents  in  either  case^  moreover^  dearly  indi- 
cates that  the  diminution  cannot  psssibly  be  solely  due  to  the 
formation  of  stronger  zinc-sulphate  solution  round  'the  zinc 
plate,  and  weaker  copper-sulphate  round  the  copper  plate,  in 
the  case  of  the  smaller  areas,  than  are  produced  with  the 
larger  ones;  and  hence  the  conclusion  is  arrived  at  that 
when^  by  reason  of  the  production  of  a  current,  the  E.M.F.  of 
a  Daniell  cell  is  diminished,  and  the  energy  developed  becomes 
proportionately  non-adjuvant,  the  non^juvancy  is  ascribable, 
not  merely  to  actions  taking  place  at  the  surface  of  the  zinc 
plate,  but  also,  and  more  particularly,  to  those  taking  place 
at  the  surface  of  the  copper  plate.  In  the  former  case,  the 
energy  gained  during  the  conversion  of  the  metallic  zinc  of 
the  plate  into  solution  of  zinc  sulphate  makes  its  appearance 
under  such  conditions  partly  as  heat  from  the  very  com- 
mencement of  the  action,  and  is  never  wholly  manifested  as 
electric  action  expressible  in  volt-coulombs.  In  the  latter 
case,  the  effect  of  the  chemical  action  of  the  cell  is  to  set 
free  copper,  which,  in  its  transformation  from  the  condi* 
tion  in  whidi  it  is  first  set  free  (nascent  copper)  to  the  con- 
dition ultimately  assumed  (more  or  less  oompact  electro- 
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deposited  soft  coherent  metal),  causes  a  gain  of  energy  which, 
like  that  due  to  the  solution  of  the  zinc,  is  partly  manifested 
as  heat  ah  origine,  and  is  neyer,  under  such  conditions, 
obtained  wholly  as  electric  action.  The  actual  proportion  of 
the  energy  due  to  the  solution  of  the  zinc  or  to  the  agglome- 
ration (or  allotropic  modification)  of  the  cqpper  which  is  thus 
non-adjuvant,  is  variable  within  certain  limits  with  the  con- 
ditions of  the  experiment,  the  nature  of  the  plate-surfaces  and 
of  the  liquids  in  the  cell,  &c.,  but,  ccEteris  paribus^  is  greater 
the  stronger  the  current:  with  very  feeble  currents  (of 
density  not  exceeding  some  8  microamperes  per  square  centi- 
metre), the  proportion  of  non-adjuvant  energj'  is  too  small  to 
be  measurable. 

Summary  of  ResuUa. 

117.  The  above-described  experiments,  and  the  conclusions 
to  be  drawn  from  them,  may  be  thus  summarized : — 

1.  When  a  Daniell  cell  is  constructed  with  equal-sized 
plates  of  pure  zinc  and  pure  copper  (either  compact  bright 
metals,  amalgamated  plates,  or  plates  covered  with  electro- 
deposited  metal)  immersed  respectively  in  solutions  of  pure 
zinc  and  copper  sulphates  of  the  same  specific  gravity, 
and  is  made  to  generate  a  current  not  exceeding  in  density 
some  8  microamperes  per  square  centimetre,  an  E.M.F.  is  set 
up  varying  within  certain  small  limits  according  to  the 
precise  condition  of  the  surfaces  of  the  'metals  as  regards 
polish,  oxidation,  &c.,  but.  always  lying  fairly  close  to  1*115 
volt,  and  practically  identical  with  the  E.M.F.  corresponding 
to  the  energy  gained  in  the  net  chemical  change  ensuing, 
viz.  the  displacement  of  copper  from  copper-sulphate  solution 
by  zinc;  so  that  under  these  conditions  practically  all  the 
energy  gained  is  adjuvant,  whether  due  to  displacement  of 
copper  by  zinc,  or  to  transformation  into  ordinary  metal  of 
the  "  nascent  "  copper  thus  set  free. 

2.  When  impure  zinc,  or  pure  zinc  amalgamated  with 
impure  mercury,  is  used,  a  greater  or  less  amount  of  the 
energy  gained  is  non-adjuvant,  even  under  conditions  such  as 
would  with  pure  zinc  cause  all  the  energy  to  be  adjuvant. 
The  source  of  this  non-adjuvancy  evidently  lies  in  the  nature 
of  the  actions  taking  place  at  the  surface  of  the  zinc  plate ; 
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the  maximum  E.M.F.  that  such  a  cell  can  generate  is  more 
or  less  considerably  below  1*115  volt;  in  some  instances  by 
several  per  cent. 

3.  When  the  density  of  the  current  exceeds  8  micro- 
amperes per  square  centimetre,  the  E.M.F.  of  the  cell  falls 
more  or  less  below  1*115  volt,  owing  to  three  causes,  each  of 
which  produces  an  effect  in  the  direction  of  diminishing  the 
E.M.F.  First,  according  as  the  current  density  is  greater 
or  smaller,  a  greater  or  lesser  degree  of  non-adjuvancy  of  the 
energy  gained  in  the  conversion  of  metallic  zinc  into  zinc- 
sulphate  solution  is  brought  about.  Secondly,  a  greater  or 
lesser  degree  of  non-adjuvancy  is  similarly  brought  about  in 
the  energy  gained  by  the  transformation  into  ordinary  copper 
of  the  ^^  nascent "  metal  liberated  at  the  surface  of  the  copper 
plate ;  other  things  being  equal,  this  source  of  non-adjuvancy 
distinctly  predominates  over  the  other  source  just  mentioned. 
Thirdly,  the  passage  of  the  current  causes  a  weaker  solution 
of  copper  sulphate  to  be  formed  round  the  copper  plate,  and  a 
stronger  one  of  zinc  sulphate  to  be  produced  round  the  zinc 
plate,  than  were  originally  used;  this  sets  up  an  inverse 
E.M.F.,  and  diminishes  the  effective  E.M.F.  of  the  cell. 
The  maximum  possible  diminution  due  to  this  cause  does  not 
exceed  *04  volt ;  whilst  with  a  current  the  density  of  which 
amounts  to  *{)03  ampfere  per  square  centimetre  and  upwards, 
the  total  diminution  due  to  this  cause  together  with  the  non- 
adjuvancy  amounts  to  several  times  this  maximum  possible 
value.  The  diminution  due  to  these  various  causes  jointly 
constitutes  what  is  sometimes  spoken  of  as  the  ^^  polarization  " 
of  the  cell. 

4.  When  the  solutions  of  zinc  and  copper  sulphate  em- 
ployed are  not  of  the  same  specific  gravity,  tiie  E.M.F.  of 
the  combination  differs  from  that  which  would  have  been  set 
up  had  both  been  of  the  same  specific  gravity  by  an  amount 
which  increases  with  the  difference  in  specific  graviiy  of  the 
two  solutions:  if  the  copper-sulphate  solution  is  the  stronger,  the 
E.M.F.  is  increased,  and  vice  versd.  The  amounts  of  increase 
and  decrease  are  sensibly  the  same  as  the  electromotive  forces 
generated  when  two  copper-sulphate  or  two  zinc-sulphate 
solutions  interdiffuse,  the  specific  gravities  of  which  are  iden- 
tical respectively  with  those  of  the  two  fluids  actually  present  in 
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the  cell  examined.  So  long  as  the  two  solutions  are  of  the 
same  specific  graviiy,  the  E.M.F.  set  up  is,  cceteria  paribus, 
sensibly  independent  of  the  actual  value  of^his^specific 
gravity ;  at  least  the  fluctuations  observed^are  not  outside  the 
range  of  experimental  errors. 

5.  When  dilute  sulphuric  acid  is  used  instead  [of  [^zinc- 
sulphate  solution,  its  specific  gravity  being  the  same  as  that 
of  the  coppernsulphate  solution,  an  increase  in  the  E.M.F.  of 
the  cell  is  produced  which  sensibly  corresponds  with  the 
increase  in  the  "  heat  of  formation  "  of  zinc  sulphate  when 
sulphuric  acid  is  employed  of  the  strength  used  in  the  cell,  as 
compared  with  acid  diluted  to  a  larger  extent  (Hj  SO4, 800 
HjO).  If  the  copper-sulphate  solution  differs  from  the  acid  in 
specific  gravity,  ihe  latter  not  exceeding  1*18  in  specific  gra- 
vity, the  E.M.F.  is  raised  above  or  lowered  below  what  it 
would  have  been  had  the  copper  sulphate  been  of  the  same 
specific  gravity,  by  an  amount  which  is  sensibly  the  same 
as  the  E.M.F.  generated  by  the  interdiffusion  of  two  copper- 
sulphate  solutions  the  specific  gravities  of  which  are  iden- 
tical respectively  with  those  of  the  two  fluids  actually  present 
in  the  cell  examined. 

6.  Owing  to  the  diminution  in  the  E.M.F.  of  a  Daniell 
cell  when  generating  a  current,  the  fluctuations  in  the  maxi- 
mum values  obtainable  with  any  given  cell  with  the  physical 
condition  of  the  surfaces  of  the  plates  and  the  time  that  has 
elapsed  since  its  construction,  the  tendency  to  deposition  of 
copper  on  the  zinc  by  diflusion  and  the  consequent  dimi- 
nution in  E.M.F.,  and  the  variation  in  E.M.F.  according  as 
dilute  acid  of  different  strengths  or  zinc-sulphate  solution  is 
used  to  surround  the  zinc  plate,  it  results  that  "  the  E.M.F. 
of  a  Daniell  cell "  is  a  very  variable  standard  of  E.M.F.  and 
one  singularly  devoid  of  permanence.  By  taking  suitable 
precautions  in  the  construction  of  a  cell  (using  pure  zinc 
amalgamated  with  pure  mercury,  amalgamated  or  electro- 
copper,  and  pure  zinc-  and  copper-sulphate  solutions  of  the 
same  specific  gravity),  a  cell  may  be  obtained  the  E.M.F.  of 
which  does  not  differ  more  than  ±0*25  per  cent,  from  1*113 
or  1*114  volt,  according  as  amalgamated  or  electro-copper  is 
used;  but  such  a  cell  cannot  be  kept  many  hours  without 
altering  in  value  materially,  and  is  in  practice  a  very  far  less 
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oonvenient  standard  than  the  mecurons-sulphate  cell  of 
Latimer  Clark ;  for^  notwithstanding  that  the  limits  of  varia- 
tion between  two  celb  of  this  latter  kind^  similarly  prepared, 
are  somewhat  greater  than  those  of  the  best  form  of  standard 
Daniell  cell,  it  nevertheless  possesses  the  valuable  property  of 
remaining  sensibly  constant  (the  temperature  being  the  same) 
for  many  months,  and  even  one  or  more  years,  as  will  be 
more  completely  shown  in  a  future  paper. 


VIII.   On  the  Electric  Resistance  of  Carbon  under  Pressure, 
By  Professor  Silvanus  P.  Thompson,  B.A.j  D.Sc.* 

§  1.  It  has  often  been  stated  that  the  electric  resistance  of 
carbon  decreases  when  subjected  (1)  to  an  increase  of  tem- 
perature, (2)  to  a  mechanical  compression.  The  first  of  these 
statements  has  been  verified  by  so  many  authorities  that 
there  can  hardly  be  any  question  of  its  correctness.  The 
second  I  believe  to  be  whoUy  misleading ;  for  some  careful 
experiments  that  I  have  lately  made  lead  to  the  conclusion 
that  the  effect  of  mechanical  compression  upon  the  electric 
resistance  of  dense  carbon  is  almost,  if  not  quite,  nilj  and 
that  what  has  been  mistaken  for  an  increase  in  electric  con- 
ductivify  is  in  reality  merely  better  contact  at  the  points  of 
junction  with  the  circuit. 

§  2.  A  preliminary  experiment  to  test  whether  the  alleged 
decrease  of  resistance  by  pressure  was  due  to  a  true  increase 
in  specific  conductivity  or  to  better  end-contact,  was  made  in 
the  following  manner : — ^A  thin  cylindrical  rod  of  Carry's 
dense  artificial  carbon  (such  as  is  used  in  electric  lamps)  was 
taken,  its  length  being  72  centimetres.  At  a  point  about  one 
fourth  of  its  length  from  the  end  a  groove  was  filed  round  it, 
and  around  it  was  bound  tightly  the  end  of  a  clean  thin  copper 
wire.  It  was  placed  vertically  upon  a  piece  of  copper  in  an 
upright  frame,  so  that  pressure  could  be  applied  longitudinally 
at  the  top  ;  a  flat  piece  of  copper  was  placed  upon  the  top  of 
it  and  pressed  lightiy  upon  it.  The  point  at  which  the  thin 
wire  was  bound  round  it  was  then  about  18  centim.  from 
the  lower  end.    The  upper  and  lower  portions  were  then 
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connected  up  with  a  Wheatstone's  bridge,  provided,  as  in 
KirchhoflF's  pattern,  with  a  wire  of  German  silver  stretched 
over  a  divided  scale,  the  resistances  of  the  two  parts  of  the 
^vire  right  and  left  being  (when  balance  was  obtained  in  the 
galvanometer)  proportional  respectively  to  the  resistances  of 
tiie  two  portions  of  the  carbon  rod.  He  relative,  not  the  ab- 
solute, resistances  of  the  two  portions  were  therefore  being 
measured.  Two  bichromate  cells  supplied  the  requisite  cur- 
rent, the  galvanometer  being  a  short-coil  astatic  instrument 
of  simple  form. 

On  trying  the  resistances,  it  appeared  that  the  resistance  of 
the  longer  part,  which  was  uppermost,  was  somewhat  greater 
in  respect  to  that  of  the  lower  and  shorter  part  than  would 
have  been  expected  from  their  relative  lengths  ;  the  ratio  of 
their  resistances  being  81 :  19,  or  about  4*25  :  1,  whereas 
their  lengths  were  as  3  :  1  almost  exactly.  After  taking  the 
rod  out  of  its  place  and  putting  it  back  again  under  light 
contact  at  the  top  as  before,  the  ratio  was  found  to  be  82  :  18, 
or  4*55  :  I.  The  rod  was  thus  removed  and  replaced  several 
times;  and  the  ratio  of  the  resistances  was  found  to  differ  some- 
what every  time,  the  figures  varying  from  4*7  :  1  to  3*92  :  1. 
Pressure  was  now  applied  at  the  top  of  the  rod,  and  the  ratio 
of  the  resistances  was  again  measured.  With  a  load  of  5  kilo- 
grammes (as  much  as  it  was  judged  the  rod  would  bear  with- 
out risking  breaking  it),  the  ratio  of  the  resistances  was  found 
to  be  much  more  constant  and  much  nearer  to  the  ratio  of  the 
lengths  of  the  two  portions,  being  75*3  :  24'7,  which  is  not  very 
different  from  3:1.  It  was  therefore  clear  that  the  previous 
values  had  been  greatly  affected  by  the  differences  in  contact 
at  the  two  ends;  the  lower  contact  having  less  resistance  than 
the  upper,  in  consequence  of  the  superincumbent  weight  of 
the  rod  and  connexions — ^about  19  grammes  in  total. 

§  3.  Another  rod  of  Carry's  carbon  was  next  examined,  and 
its  actual  resistance  measured  in  ohms.  Its  length  was  42-6 
centim.,  its  diameter  0*48  centim.  To  prepare  it  for  the  ex- 
periment, it  was  electroplated  with  a  thin  coating  of  copper 
to  the  length  of  about  1  centim.  at  each  end,  the  extremities 
being  afterwards  scraped  bare  of  copper  so  that  end-contacts 
should  be  made  against  the  carbon  itself.  Copper  wires  were 
then  carefully  soldered  to  the  copper  coating  at  about  0*5 


Digiti 


zed  by  Google 


BBSISTAKCB  OF  OABBON  UNDEB  PRBSSURB.  85 

oentiin.  from  the  ends.  The  object  of  this  arrangement  was  to 
render  pofisible  a  comparison  between  the  resistance  of  the  rod 
when  Ihere  was  merely  end-contact — which  might  be  more  or 
less  perfect  according  to  the  pressure— and  the  resistance  of 
the  rod  as  measured  when  there  was  a  perfect  contact  through 
the  deposited  coatings  of  copper.  The  rod  was  then  laid  in  a 
horizontal  frame,  where  it  reposed  on  two  T*shaped  bearings- 
one  end  pressing  against  a  lever-arrangement  for  the  purpose 
of  putting  on  a  measurable  amount  of  pressure,  the  rod  being 
fixed  at  the  other  end  by  abutting  against  a  brass  set-screw. 
A  copper  piece  was  introduced  between  the  lever  and  the  ex- 
tremity of  the  rod,  in  order  to  provide  an  end-contact;  and 
arrangements  were  made  whereby  the  rod  could  be  connected 
np  in  a  Wheatstone-bridge,  the  connexion  being  made  at 
pleasure  either  through  the  end-contacts  or  through  the 
copper-plated  junctions. 

The  resistance  of  the  rod  between  the  copper-plated  junc- 
tions was  then  measured,  the  rod  being  free  at  both  ends.  It 
was  found  to  be  0*56±0'007  ohm.  The  end-contacts  were 
then  made  to  touch  lightly  (the  circuit  through  them  remain- 
ing open).  The  resistance  through  the  copper-plated  junctions 
showed  no  change.  Pressure  was  then  applied  to  the  rod  lon- 
gitudinally, and  augmented  until  it  began  to  show  lateral 
distortion,  the  effective  force  along  the  rod  being  4150  grms., 
equivalent  (if  the  area  of  cross  section  of  the  rod  be  taken  as 
0*18  square  centim.)  to  23,055  grms.  per  square  centimetre. 
Yet,  even  under  this  pressure,  not  the  smallest  change  could 
be  detected  in  the  resistance  between  the  copper-plated  junc- 
tions. If  there  was  any,  it  was  certainly  less  than  0*005  ohm, 
or  less  than  1  per  cent,  of  the  whole  resistance. 

The  circuit  was  now  made  through  the  end-contacts  by 
moving  the  set-screw  until  the  lightest  possible  contact  was 
obtained,  the  connexions  through  the  copper-plated  junctions 
having  been  thrown  out  of  circuit.  The  resistance  thus  deter- 
mined was  1*1  ohm.  Pressure  was  applied  as  before.  The 
resistance  fell  to  0*72  ohm  when  the  pressure  of  23  kilo- 
grammes per  square  centimetre  was  reached.  On  releasing 
the  pressure,  the  resistance  again  rose  until  contact  became  as 
light  as  possible.  The  resistance  attained  1*08  ohm,  when  it 
rose  abruptly  to  infinity  as  the  set-screw  ceased  to  touch  the 
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end  of  ihe  rod.  The  battery  and  galvanometer  used  throngh- 
oat  were  the  same  as  described  above. 

Nothing  conid  be  more  significant  than  these  observations. 
When  perfect  contact  was  ensured  by  electroplatings  pressure 
prodaced  no  effect  on  the  resistance  of  the  carbon  rod,  or  one 
inappreciably  small.  When  circuit  was  made  by  pressing 
pieces  of  copper  and  brass  against  the  rough  ends  of  the  car- 
bon rod,  contact  was  only  imperfectly  obtained,  and  the  resist- 
ance varied  with  the  pressure  because  increased  pressure 
brought  about  better  contact,  or  contact  at  a  greater  number 
of  points. 

The  bearing  of  these  observations  upon  the  theory  of  the 
carbon  rheostat,  the  carbon  relay,  the  carbon  transmitting- 
telephone,  and  the  carbon  microphone  is  obvious. 

University  College,  Bristol, 
February  1882. 
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IX.  Begnaalt's  Determination  of  the  Specific  Heat  of  Steam. 
By  J.  Macfarlanb  Gray*. 

Rbgnault's  experiments  on  the  specific  heat  of  vapours  have 
been  interpreted  by  Begnault  as  giving  results  not  at  all 
in  accordance  with  the  deduction  from  the  kinetic  theory 
of  gases,  that,  for  matter  travelling  in  single  molecules, 
the  product  of  the  molecular  weight  by  the  specific  heat  is 
a  constant  for  all  substances.  I  have  been  led,  by  consider- 
ing the  order  of  temperature-pressures  for  steam,  to  conclude 
that  the  above  deduction  is  true  for  steam;  and  I  have  no  doubt, 
also  for  all  matter  travelling  in  single  molecules.  When,  in 
1880, 1  laid  my  conclusions  before  the  Physical  Society  as 
being  corroborated  by  Begnault's  dynamical  experiments,  it 
was  objected  that  Begnault's  direct  thermal  experiments  gave 
results  widely  difi^rent  from  my  conclusions  ;  and  the  report 
on  my  paper  was  that  that  difi^erence  proved  that,  in  the  cor- 
roborations I  had  pointed  out^  I  had  be^n  led  away  by  merely 
numerical  coincidence. 

I  will  now  show  that  Begnault's  thermal  experiments  have 
been  misinterpreted  by  Begnault  himself,  and  that  he  ought  to 
have  read  the  specific  heat  of  steam,  according  to  his  experi- 
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ments,  to  be  exacilj  in  accordanoe  with  the  deduction  of  the 
kinetic  theory. 

The  method  of  the  experiments  was  to  generate  steam  at 
100°  C,  to  superheat  it  under  atmospheric  pressure  to  (say) 
125°  in  one  set  of  experiments^  condensing  it  in  a  calorimeter 
to  ascertain  what  quantity  of  heat  was  given  up,  down  to  0°. 
In  a  second  set  of  experiments  with  the  same  apparatus,  the 
temperature  was  raised  to  (say)  225°,  while  the  steam  was 
still  at  atmospheric  pressure  ;  this  was  ilso  condensed  in  the 
same  calorimeter.  It  was  found  that  the  heat  given  up  by  the 
steam  at  225°  exceeded  that  given  up  by  the  steam  at  125°by 
48*051  units  of  heat ;  and,  dividing  by  the  difference  of  tem- 
perature (100),  Begnault  found  0*48051  for  the  specific  heat 
of  steam  at  constant  pressure. 

In  these  experiments  the  superheating  to  125°  was,  no 
doubt,  intended  to  thoroughly  dry  the  steam,  so  as  to  get,  in 
the  quantity  of  heat  abandoned  in  the  first  set  of  experiments, 
the  entire  heat  of  complete  gasefication,  because,  if  still  some 
moisture  remained  in  the  steam,  the  latent  heat  of  evaporation 
of  that  moisture  would  be  included  in  the  difference-quantity 
supposed  to  be  due  to  the  specific  heat  of  temperature-raising, 
and,  by  that  amount,  the  result  would  be  too  high. 

It  appears  to  me  ihat  the  completion  of  the  evaporation  of 
suspended  moisture  cannot  be  accomplished  between  100°  and 
125°;  but  it  will  be  more  likely  to  be  carried  on  between  125° 
and  225°.  Particles  of  liquid  remain  at  the  pressure-tempe- 
rature whatever  be  the  superheated  temperature  of  the  gas  in 
which  they  are  suspended.  The  rate  of  evaporation  of  those  par- 
ticles will  therefore  depend  upon  the  temperature-difference ; 
and  in  the  lower  range  of  temperatures  but  little  of  the  mois- 
ture will  be  evaporated  in  its  rapid  passage  through  a  worm 
heated  to  only  25°  in  excess  of  the  pressure-temperature.  In 
the  second  set  of  experiments  the  excess  of  temperature 
was  125°. 

To  test  this,  let  similar  experiments  be  made  at  100°; 
and  if  the  resulting  apparent  specific  heats  between  100° 
and  125^  are  higher  than  those  obtained  by  Begnault  be- 
tween 125°  and  225°,  then  my  argument  is  demolished;  but 
if  the  results  are  smaller,  then  my  suspicions  have  been  jus- 
tified, and  a  correction  is  required  on  the  results  as  given  by 
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Begnaqlt  Fortnnately  for  my  object;  Begnault  has  left  ns  (in 
YoL  i.;  at  page  695)  the  data  of  thirty-eight  reliable  experi- 
ments on  the  "  total  heat "  of  steam  at  100°  down  to  0°,  giving 
the  mean  s=  636*70  nnits  of  heat.  I  have,  with  this  '^  total 
beat "  for  lOO^,  oompared  the  resnlts  of  the  experiments  on  the 
steam  of  125° — ^in  precisely  the  same  way  as  Begnaolt  worked 
for  the  interval  between  125°  and  225°  (these  experiments  are 
recorded  in  voL  ii.,  pages  167-178).  The  results  of  my  calca- 
lations  are  given  below.  The  first  two  series  were  merely  pre- 
paratory trials  to  arrive  at  the  best  form  of  apparatus;  and  only 
a  few  grammes  of  vapour  were  passed  through  the  worm  at 
each  of  those  experiments.  In  the  third  and  the  fourth  series 
ten  times  as  much  vapour  was  passed  through  on  each  occasion. 
Begnault  says: — ^^'J'aipu  op^rer  ainsi  sur  des  quantit^s  de 
vapeur  beaucoup  plus  considerables,  et  diminuer  I'importance 
relative  des  corrections  produites  par  les  causes  perturbatrices." 
This  consideration  is  still  more  important  when  the  range  of 
temperature  is  limited  to  25° — only  one  fourth  of  the  range 
from  which  Regnault  deduced  his  result.  The  large  calori- 
meter was  used  only  in  the  third  and  fourth  series. 


first  series. 

Second  series. 

Thiid  series. 

Fourth  series. 

•280 

•546 

•299 

•386 

•465 

•591 

•314 

•381 

•417 

•567 

•340 

•346 

•377 

•375 

•309 

•463 

Mean  -567 

•400 

•427 

•411 

•463 

Moan  'Ann 

•349 
•413 

juoan   4UU    | 

Mean  ^3853 

Preparatory  trials. 

•405 
•415 

Mean  ^3721 

That  the  method  of  calculation  may  be  perfectly  clear,  I 
give  the  particulars  for  the  first  experiment  in  the  fourth  series. 
Superheating  to  124°*81,  each  unit  of  vapour  gave  up  646*28 
units  of  beat  down  to  0°.  Steam  at  100°  gave  up  636-70 
down  to  0°. 

646'28-636-70 


124-81-100 


=  -386. 
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The  qnantiiy  of  Taponr  in  this  experiment  was  102*62  grms. ; 
ihe  quantity  in  the  first  of  the  first  series  was  only  8*957  grms. 
The  fourth  series  was  made  with  an  apparatus  which  was  an 
improvement  on  that  used  in  the  third  series ;  and,  taking  that 
series  only,  adding  the  probable  amount  of  moisture  which 
would  remain  at  100^  temperature  (say  1  per  cent,  on  the 
•385),  the  result  is  *389;  this,  on  other  grounds,  I  believe  to 
b^  nearly  correct.  If,  however,  neglecting  the  other  grounds 
for  my  opinion,  we  take  the  mean  of  the  means  of  the  third 
and  the  fourth  series,  we  get 

•372lHh-3853^.3^3^^ 


This  is  what  Begnault  might  fairly  have  done. 

If  we  now  calculate  what  Begnault's  experiments  would 
give  as  the  kinetic-theory  result,  we  get  the  specific  heat  of 
hydrogen,  at  page  121,  "mean  =  3*4090;"  and  taking  the 
molecular  weight  of  steam  ss  17*96,  we  find  the  specific  heat 
of  steam 

3*409  X  1^=*^^^^- 

That  is  to  say,  the  kinetic  theory  and  the  thermal  determina- 
tion give  almost  identically  the  same  number. 

This  is,  I  believe,  the  first  experimental  proof  that  the  law 
of  "inversely  as  the  molecular  weights  "  applies  to  compound 


X.  The  Effect  of  Temperature  on  the  Electrical  Resistance 
of  Mixtures  of  Sulphur  and  Carbon,  By  Shelfobd 
BiDWELL,  M.A.^  LL,B^ 

Sikce  December  1880  I  have  from  time  to  time  made  a  num- 
ber of  experiments  with  the  object  of  ascertaining  whether 
sulphur  could,  under  any  circumstances,  be  made  to  exhibit 
the  remarkable  property  possessed  by  selenium,  and  in  a 
smaller  degree  by  tellurium,  of  having  its  electrical  resistance 
diminished  by  the  action  of  light. 

Amongst  other  things,  the  effect  was  tried  of  mixing  it  with 

♦  Read  March  25, 1882. 
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graphite.  The  sulphur  was  heated  to  a  temperature  a  little 
above  its  melting-point  (115°  C),  and  when  quite  liquid  a 
small  quantity  of  tolerably  pure  powdered  plumbago  was 
stirred  into  it.  The  liquid  mixture  was  then  poured  into 
moulds  and  allowed  to  cool  quickly.  Sticks  or  plates  were 
thus  produced  of  a  substance  which  in  general  appearance 
closely  resembled  crystalline  selenium^  its  surface  being  dull 
and  slate-coloured,  and  its  fracture  metallic,  not  unlike  that 
of  cast  iron. 

A  short  stick  of  this  substance  was  fitted  with  platinum 
electrodes  (platinum  wires  being  made  red  hot  and  pressed 
into  the  two  ends),  and  was  joined  up  in  circuit  with  a 
Leclanch^  cell  and  a  reflecting  galvanometer.  The  spot  of 
light  was  brought  to  the  zero-point  at  the  middle  of  the  scale 
by  means  of  a  magnet,  and  the  sulphur  rod  exposed  to  the 
radiation  of  a  gas-flame  which  was  held  within  a  few  inches  of 
it.  The  spot  at  once  began  to  move,  showing  a  considerable 
change  in  the  resistance  of  the  rod.  The  gas-flame  was  extin- 
guished; and  the  spot  slowly  returned  to  zero.  Upon  exami- 
nation, however,  it  appeared  that  the  behaviour  of  this  sulphur 
rod  differed  from  that  of  crystalline  selenium  in  two  important 
particulars.  In  the  first  place,  the  change  of  resistance  was 
clearly  an  effect  not  of  light,  but  of  temperature.  Burning 
magnesium  produced  no  greater  change  than  the  gas-flame 
when  held  at  the  same  distance.  Sunlight  was  found  to  have 
a  powerful  effect,  which  was  scarcely  diminished  when  the 
light  was  caused  to  pass  through  red  glass;  but  blue  glass  or 
a  cell  containing  water  formed  an  effectual  screen.  A  black 
hot  poker,  or  even  the  warmth  of  the  finger,  caused  a  greater 
deflection  than  a  strong  light  which  was  too  far  removed  to 
heat  the  rod  sensibly. 

Now  there  can  be  little  doubt  that  the  decrease  in  the 
resistance  of  selenium  which  occurs  under  the  influence  of 
radiation  is  totally  distinct  from  any  effect  produced  by  tem- 
perature. It  is  of  course  true  that  absorption  of  radiations 
is  followed  by  a  rise  of  temperature,  particularly  when  such 
radiations  belong  to  the  red  and  infra-red  part  of  the  spec- 
trum ;  but  it  is  not,  I  think,  the  fact  that  such  rise  of  tempe- 
rature is  in  any  way  connected  with  the  remarkable  variation 
of  resistance  under  the  influence  of  light,  which,  owing  to 
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the  invenidon  of  the  photophone^  has  lately  attracted  bo  mnoh 
attention.  The  elecbical  effects  of  radiation  are,  in  this  case 
at  least,  no  more  due  to  rise  of  temperature  than  are  its 
chemical  effects.  The  evidence  in  favonr  of  this  assertion 
seems  to  me  to  be  oyerwhelming;  and  I  hope  to  retnm  to  it 
upon  another  occasion,  with  special  reference  to  the  paper  in 
support  of  the  opposite  view  read  last  year  by  Dr.  Moser. 

The  second  point  in  which  the  sulphur  rod  appeared  to 
differ  from  selenium,  was  in  the  direction  of  the  change  which 
the  radiation  of  the  gas-flame  produced,  the  galvanometer 
showing  that  its  resistance  was  increased,  instead  of  being 
diminished  as  might  have  been  expected.  Here,  however, 
upon  the  supposition  that  the  effect  is  due  to  heating,  the 
behaviour  of  the  sulphur  is  really  similar  to  that  of  selenium; 
for  my  experiments  (agreeing  with  those  of  Prof.  Adams) 
show  that  at  ordinary  temperatures  slight  heating  is  always 
accompanied  by  considerably  increased  resistance. 

After  numerous  trials,  in  order  to  ascertain  what  proper* 
tions  of  sulphur  and  graphite  yielded  the  greatest  seiisitive- 
ness  to  heat,  it  appeared  that  a  mixture  containing  20  parts 
by  weight  of  sulphur  to  9  of  graphite  was  the  most  suitable. 
It  was  also  found  to  be  more  sensitive  when  cooled  rather 
quickly  than  when  cooled  slowly,  though  its  specific  resist- 
ance (which  is  always  high)  was  generaUy  lower  in  the  latter 
case. 

In  order  that  the  peculiar  property  of  the  substance  may  be 
exhibited  in  the  most  effective  manner,  it  is  necessary  to 
arrange  it  in  thin  films,  so  that  a  large  surface  relatively  to  the 
bulk  may  be  exposed  to  the  action  of  radiation.  This  was  at 
first  done  by  spreading  it  as  thinly  and  evenly  as  possible 
upon  plates  of  mica  having  tinfoil  electrodes  at  each  end.  An 
objection  to  this  method,  however)  was  the  enormously  high 
resistance  which  it  involved,  amounting  sometimes  to  several 
hundred  thousand  ohms.  I  therefore  adopted  the  device  which 
I  generally  use  in  the  construction  of  selenium  cells,  ai)d  which 
is  a  simple  modification  of  a  plan  originaUy  proposed  by  Dr. 
Werner  Siemens. 

Two  wires,  preferably  of  platinum,  are  wound  parallel  to 
each  other,  and  very  close  together,  around  a  sUp  of  mica, 
care  being  taken  that  the  wires  do  not  touch  each  other  at 
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anj  point*  A  film  of  the  melted  mixtare  is  spread  evenlj 
oyer  one  snrface  of  the  mica ;  and  the  wire  electrodes  are  thus 
connected  witiii  eadh  other  through  half  their  entire  length  by 
a  series  of  very  narrow  strips  of  the  snlphnr  mixture. 

The  resistance  of  a  snlphnr  ^^cell"  constrncted  in  this 
manner  was  9100  ohms  at  a  temperature  of  14^  G.  The  cell 
was  slowly  heated  in  an  air-bath,  and  the  resistance  measured 
as  accurately  as  possible  at  almost  every  degree.  The  follow- 
ing table  sufficiently  indicates  the  rate  at  which  the  resistance 
increased. 

Tempeiature.  Besistonce. 

14^0 9,100  ohms. 

19°       11,400     „ 

25°       13,700     „ 

30°       16,700     „ 

35°       20,600     „ 

40°       26,900     „ 

45°       34,000     „ 

50°       42,900     „ 

55°       57,000     „ 

Thus  at  55°  the  resistance  of  the  cell  was  more  than  six 
times  as  great  as  at  14°. 

Upon  another  occasion  the  cell  was  raised  to  a  much  higher 
temperature.  No  measurements  were  made  with  the  bridge, 
however,  the  cell  being  simply  connected  with  a  battery  and 
a  galvanometer,  and  the  deflections  noted  from  time  to  time. 
After  passing  55°,  the  resistance  increased  with  great  rapidity^ 
until  at  a  temperature  of  100°  it  was  sensibly  infinite,  there 
being  no  movement  of  the  spot  of  light  when  the  circuit  was 
opened  with  a  key.  Immediately  after  passing  100°,  the 
resistance  began  to  fall  even  more  quickly  than  it  had  risen. 
The  deflection  at  105°  was  the  same  as  that  at  85°;  at  110° 
the  same  as  at  65°;  at  114°  the  same  as  at  50°;  and  at  115° 
the  same  as  at  35°.  The  spot  of  light  now  became  so  unsteady 
(probably  in  consequence  of  the  melting  of  the  cell)  that  it 
was  not  possible  to  carry  the  experiment  ftirther. 

A  mixture  has  also  been  prepared  in  which  lampblack  was 
used  instead  of  graphite;  but  very  few  experiments  have  yet 
been  made  with  it,  and  the  results  obtained  have  not  been 
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uniform.  At  ordinary  temperatares  it  generally  behayes  like 
the  graphite  mixtures;  but  its  temperature  of  maximum  resist- 
ance is  probably  lower  than  100^.  In  one  case  indeed,  in 
which  the  proportions  were  8  parts  of  sulphur  to  1  of  lamp* 
black,  the  resistance  was  found  to  be  greatest  at  15°  (530,000 
ohms),  any  change  in  the  temperature,  whether  in  the  direo* 
tion  of  heat  or  cold,  producing  a  decrease.  But  since  no  such 
effect  has  been  produced  with  other  spedmens  of  the  same 
compound,  I  am  inclined  to  think  that  it  is  due  to  some 
unnoticed  peculiarity  in  the  construction  of  the  cell. 

With  this  single  exception,  every  specimen  of  the  mixtures, 
whether  made  with  graphite  or  lampblack,  has  at  ordinary 
temperatures  been  found  to  have  its  resistance  increased  by 
heat. 

At  first  sight  this  appears  to  be  a  very  paradoxical  pheno- 
menon. It  is  now  generally  admitted  iliat  the  resistance  of 
graphite  and  other  forms  of  carbon  is  diminished  by  heat;  and 
it  is  also  commonly  believed  that  a  rise  of  temperature  inva^- 
riably  causes  a  decrease  in  the  resistance  of  insulators  such  as 
sulphur.  The  compound  of  sulphur  and  carbon  with  which 
we  have  to  do  is  certainly  only  a  mechanical  mixture  (for  no 
chemical  combination  could  be  formed  at  a  temperature  of 
150°  C,  which  is  never  exceeded  in  making  the  preparation); 
yet  the  effect  which  heat  produced  upon  it  is  exactly  opposite 
to  that  produced  upon  each  of  its  constituents. 

Some  experiments  were  made  in  order  to  determine  the 
effect  of  heat  upon  the  resistance  of  carbon  and  sulphur  sepa- 
rately;  but,  altiiough  in  the  case  of  sulphur  some  unexpected 
results  were  obtained,  nothing  whatever  was  observed  which 
would  per  se  account  for  the  variations  of  resistance  in  the 
sulphur  and  carbon  mixtures* 

I  believe  the  true  explanation  to  be  this : — ^The  mixture  does 
not  consist  of  a  uniform  structureless  mass  of  sulphur  having 
particles  of  carbon  imbedded  in  and  completely  surrounded 
by  it.  It  is  in  fact  an  aggregation  of  littie  crystals  of  sulphur, 
with  carbon  packed  between  them  like  mortar  between  bricks. 
The  conduction  thus  takes  place  entirely  through  the  carbon 
particles,  which  may  be  considered  as  extending  in  a  series  of 
chains  from  end  to  end  of  the  mass.     Under  the  influence  of 
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heat^  bofh  the  sulphur  and  the  carbon  expand ;  but  the  expan- 
sion of  the  sulphur  is  nearly  ten  times  as  great  as  that  of  the 
carbon,  the  net  result  being  that  the  carbon  particles  are 
drawn  apart,  and  have  fewer  points  of  contact  with  each  other. 
The  number  of  complete  chains  is  thus  diminished,  and  the 
resistance  of  the  mass  consequently  increased. 

It  is  stated  in  Balfour  Stewart's  '  Treatise  on  Heat,'  upon 
the  authority  of  Kopp,  that  sulphur,  after  being  heated  to  a 
certain  temperature,  contracts  instead  of  expanding.  This 
would  account  for  the  fact  that,  after  attaining  a  certain  tem- 
perature, the  resistance  of  the  mixture  begins  once  more  to 
decrease;  for  the  carbon  particles  would,  when  the  sulphur 
contracts,  be  brought  together  again. 

Several  experiments  corroborate  this  explanation  of  the 
variation  of  the  resistance.  Thus  a  mixture  was  made  con- 
taining 3  parts  of  shell-lac  to  2  of  graphite.  Though  the 
proportion  of  carbon  was  larger  than  in  the  sulphur  experi- 
ments, its  resistance  was  found,  as  was  expected,  to  be  infi- 
nite; for  the  structureless  shell-lac  penetrated  between  and 
completely  surrounded  the  carbon  particles.  A  mixture  of 
paraffin  and  graphite  gave  the  same  result. 

A  short  rod  of  the  usual  sulphur-^ind-graphite  compound  (20 
parts  to  9)  was  fitted  with  platinum-wire  electrodes;  and  its 
resistance  in  the  air  at  17°  was  found  to  be  3170  ohms.'  The 
rod  was  immersed  in  a  beaker  of  turpentine  at  the  same  tem- 
perature, and  its  resistance  almost  immediately  went  up  about 
800  ohms;  and  in  five  minutes  it  was  somewhat  higher. 
Though  this  result  did  not  at  first  appear  to  be  easily  intelli- 
gible, it  is  fully  explained  by  supposing  that  the  liquid  pene- 
trated between  the  sulphur  crystals  and  surrounded  the  carbon 
particles.  In  order  to  increase  the  eflect,  the  beaker  of  tur- 
pentine containing  the  rod  was  placed  under  the  receiver  of 
an  air-pump  and  the  air  exhausted.  After  remaining  for  a 
quarter  of  an  hour  in  a  vacuum,  air  was  admitted,  and  another 
quarter  of  an  hour  was  allowed  for  the  action  of  the  atmo- 
spheric pressure.  At  the  expiration  of  this  time  its  resistance 
was  found  to  have  increased  to  15,600  ohms,  about  five  times 
as  great  as  it  was  originally.  The  rod  was  then  placed  upon 
blotting-paper;  and  three  days  afterwards  its  resistance  was 
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2970  ohms,  the  temperature  of  the  air  being  16^.  This  was 
200  ohms  lower  than  when  it  was  first  made;  but  the  tem- 
perature was  one  degree  lower. 

Thinking  that  the  oil  of  tarpentine  might  possibly  have  had 
some  action  on  the  snlphnr,  I  repeated  the  experiment  with 
clive-oil.  On  first  immersion^  the  resistance  went  np  from 
2970  to  3150  ohms,  and  in  six  minntes  to  3770  ohms.  It 
was  then  left  in  a  vacnam  for  fortj-five  minutes,  after  which 
the  air  was  admitted,  though  the  efiervescence  had  not  eyen 
then  quite  ceased  ;  and  when  measured,  after  sufficient  interval 
to  allow  the  oil  to  penetrate,  its  resistance  had  increased  to 
8140  ohms.  The  comparative  amallness  of  the  efiect  produced 
in  this  latter  experiment  waB  probably  due  to  the  greater  vis- 
cidity of  the  oil. 

Lastly,  since  the  behaviour  of  the  sulphur-and-graphite 
mixture  under  the  influence  of  heat  seemed,  like  that  of  the 
microphone,  to  depend  upon  the  interaction  of  contiguous 
partides  of  carbon,  it  was  expected  that  one  of  the  sulphur- 
cells  before  described  might  be  used  as  a  telephono-transmitter. 
This,  upon  trial,  was  found  to  be  the  case.  With  a  sin^e 
Leclanch^  the  sounds  reproduced  in  the  receiving-tel^hone 
were  feeble;  but  well-known  nursery-rhymes  were  easily 
recognized.  When,  howeyer,  tweniy  Ledanch^s  were  used, 
the  sounds  were  much  louder  and  the  articulation  perfectiy 
distinct.  No  experiments  whatever  have  yet  been  made  with 
the  view  of  developing  this  property;  and  there  can  be  little 
doubt  that  it  is  capable  of  extension.  It  is  not  impossible 
that  a  transmitter  constructed  upon  this  principle  might  be 
found  to  be  of  practical  value;  and  it  is  entirely  difierent,  at 
least  in  appearance,  from  any  thing  which  has  been  made 
before. 

The  sulphur-cell  might  also  perhaps  be  used  as  a  thermo- 
scope,  being  simpler  and  more  easy  to  construct  than  an 
ordinary  thermopile. 

It  has  recentiy  been  proposed  to  use  mixtures  of  sulphur 
and  graphite  for  making  cheap  resistance-boxes.  It  is  needless 
to  point  out  that  the  great  sensitiveness  of  such  compounds  to 
small  changes  of  temperature  renders  them  y^  unsuitable 
for  such  a  purpose. 
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BOBSBTS,  FJi.S.j  and  T.  Wbightson,  Memb.  InaL  CE.* 

[Plate  v.] 

At  a  Meeting  of  the  Physical  Society,  on  February  12, 
ISSlfy  we  commnnicated  the  results  of  certain  experiments^ 
made  with  the  aid  of  the  oncosimeter,  on  the  flnid  den<- 
sity  of  bismuth,  in  which  we  showed  that  the  densities  in  the 
fluid  and  cold  solid  states  are  respectively  10*055  and  9*82, 
the  fluid  density  thus  being  2*4  per  cent,  higher  than  the  cold 
solid.  These  determinations  correspond  closely  with  results 
that  had  been  obtained  by  one  of  us,  using  the  '^  cone'*  method 
devised  by  Mr.  Mallet^.  For  the  sake  of  convenience  we 
here  reproduce  our  results  on  bismuth. 


Diameter 

Weight,  in 
troy  ounces, 

Specific  gra- 
Tit;  r  of  cold 
hau,  inclu- 
ding the 
fltem. 

Floating 
efiect  on 

Deduced 

No.  of 
expt. 

of  hall, 
inincheB. 

including 
the  stem 
for  attach- 

first im- 
mersion, 
in  troy 

specific  sra< 

yity  of  fluic 

metal 

Bemarks. 

ment 

ounces. 

Bismuth  baU 

31. 

2 

23-33 

9-72 

1-0 

10-13 

in  fluid  bis- 
muth. 
Iron  ball  in 

S2. 

2-25 

22-184 

6-99  (iron) 

9-3 

9^ 

fluid  bis- 
muth. 
Bismuth  ball 

33. 

do. 

33-46 

9-765 

1-3 

10-11 

in  fluid  bis- 
muth. 

34. 

do. 

33-37 

9-757 

•6 

9^ 

do. 

35. 

do. 

33-63 

9-774 

■7 

9^ 

do. 
Iran  ban  in 

36. 

do. 

22-184 

702  (iron) 

10-2 

10-25 

fluid  bis- 
muih. 

fi 

(peei^grayi 

iy  of  solid  b] 

Mmi  

..  10-055 

smiith  t..«t.i 

..    9-82 

1 

Since  these  results  were  published  we  haye  extended  the 

*  Bead  Januaiy  28^1882. 

t  Proc.  Phye.  See  vol  iy.  p,  196;  and  Phil.  Mag.  [6]  toL  id.  1881, 
p.  295. 
X  Proc.  Roy.  See.  vol,  xxii.  p.  366,  and  vol  xxiii.  p.  200. 
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experiments  to  the  following  metals — copper^  lead;  tin^  zinc^ 
silver.     The  results  are  now  submitted  to  the  Society. 

Copper. 
Six  experiments  were  made  with  the  oncosimeter*  on  copper; 
four  of  these  were  made  with  cast  copper  balls  2^^^  diameter, 
one  with  a  cast-iron  turned  ball  2\"  in  diameter,  and  one  with 
a  copper  ball  3''  in  diameter.  The  first  four  were  made  with 
a  spring  that  lengthened  \  inch  per  ounce  troy ;  the  last  two 
with  a  more  sensitive  spring,  giving  ^  inch  elongation  per 
ounce  troy.  It  will  be  seen  by  the  accompanying  table  that 
the  fluid  density  does  not  vary  much,  although,  as  has  just 
been  stated,  the  conditions  were  varied. 


No.  of 
expt. 

Diameter 

ofbaU, 

in  inches. 

Weight,  in 
troy  ounces, 
including 
the  stem 
for  attach- 
ment. 

Specific  gra^ 
vity  of  cold 
baU,  inclu- 
ding the 
stem. 

Sinking 
effect  on 
first  im- 
mersion, 
in  troy 
ounces. 

Deduced 

specific  ffra- 

y\ty  of  fluid 

metal. 

Remarks. 

87. 

2-26 

26-367 

8-23 

nil. 

8-23 

Copper  ball 
in    fluid 
copper. 

88. 

do. 

27006 

8-463 

-2 

8-4 

do. 

39. 

do. 

26-26 

8-288 

•6 

8-13 

do. 

40. 

do. 

25-923 

8-281 

•2 

8-217 

do. 

41. 

do. 

22-186 

7-02  (iron) 

Floating  effect 
36 

8-127  1 

Iron  baU  in 
fluid  copper. 

42. 

.  3 

64-237 

8-61 

SinJdng  effect 
3-0 

• 
8-2     - 

Copper  baU 
m  fluid 
copper. 

Mean  

...  8-217 

Spedflogr 

avity  of  Boli( 

i  ooDDer  

...  8-8 

^'±'*~    

The  mean  of  these  results  gives  8*217  as  the  density  of  fluid 
copper.  This  metal  melts  at  a  temperature  which  exceeds 
1000°  0.,  and,  when  melted  in  air,  absorbs  oxygen.  We 
found,  for  this  reason,  that  it  was  not  possible  to  obtain  trust- 
worthy results  by  Mallet's  method,  even  though  the  cone  was 
filled  with  an  atmosphere  of  coal-gas. 

*  A  description  of  this  instrument  was  published  in  the  Journal  of  the 
Iron  and  Steel  Institute,  part  2, 1870,  p.  418. 
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Lead. 
Three  experiments  were  made  with  the  oncosimeter,  the 
results  being  as  follows: — 


No.  of 
expt. 


Diameter 

ofbaU, 

in  inches. 


Weight,  inig^ 
troy  ounces,  sTl^r^wl 


including 
the  stem 
for  attach- 
ment. 


Tity  of  cold 
ball,  inclu- 
ding the 
stem. 


Sinking 
eflfect  on 
first  im- 
mersion, 
in  troy 
ounces. 


Deduced 
specific  era. 
Tity  of  fluid 
metal. 


Bemarks. 


43. 
44. 
45. 


83-37 

83-8 

8401 


10-7 
10-8 
11-07 


3-6 

3-26 

3-7 


10-25 
10-38 
10- 


.{ 


Lead  hall  in 
fluid  lead. 

do. 

do. 
Fluid  lead 
getting  cold. 


Mean  10*37 

Speciflo  grayity  of  solid  lead   11*4 


A  mean  of  two  experiments  on  lead,  made  on  Mallet's 
system^  gave  10*65  as  the  liquid  density,  the  results  being 
10-63  and  10-66  respectively. 

The  diagram  No.  1  (Plate  V.),  gives  the  results  of  the 
experiments  on  lead ;  and  the  calculations  of  fluid  density  are 
in  each  case  attached^  the  point  a  indicating  in  each  the 
position  taken  as  giving  the  true  initial  sinking  effect  at 
the  moment  of  immersion. 

Tin. 
Two  experiments  were  made  with  the  oncosimeter^  with  tha 
following  results: — 


lJo.of 
ezpt 


Diameter 

of  hall, 

in  inches. 


Weight,  in 
troy  ounces, 
including 
the  stem 
for  attach- 
ment. 


Specific  gra- 
vity of  cold 
hall,  inclu- 
ding the 
stem. 


Sinking 
efiect  on 
first  im- 
mersion, 
in  troy 
ounces. 


Deduced 

vity  of  fluid 
metal. 


Bemarks. 


46. 
47. 
48. 


Failure. 
3 


55-66 


56-66 


7-166 


7-186 


11 


1-2 


7-02 -[ 


7-03 


Tin  haU  in 
fluid  tin. 


do. 


Mean  7-025 

Speoiflc  gravity  of  solid  tin 7*5 
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The  diagram  No.  2  is  reduced  froiifaeaneuBimetor  cBagram, 
experiment  48. 

A  mean  of  three  experiments  on  tin^  made  on  Mallet's 
mefbod,  gave  6*974  as  the  liquid  density — ^the  results  being 
6'903,  6-982,  and  6-976  respectively. 

Zinc. 
Three  experiments  were  made  with  the  oncosimeter  on  this 
metal,  the  results  being  tabulated  below: — 


No.  of 
ezpt 

Diameter 

ofbaU, 

ininohee. 

Weight,  in 
troy  ounoee, 
including 
the  stem 
for  attach- 
ment. 

Speolflogra- 
Tifrf  of  cold 
baU,  inclu- 
ding the 
stem. 

Sinking 
effect  on 
first  im- 
mersion, 
in  troy 
ounces. 

Deduced 

spedflcgra- 

yity  of  fluid 

metal. 

Bemarb. 

49. 
60. 
61. 

3 
3 
3 

62-62 

52-68 
62-32 

6-893 
6-901 
6-903 

2-4 
3-3 
3-76 

6-67    [ 

6-47 

6-4 

Zinc  ball  in 
fluid  sine. 

do. 
do. 

Mean  •    fi-4« 

Speciflo  gniTity  of  solid  sine  6'8  to 

7-2(Banldi 

«). 

The  crucible  was  kept  in  the  furnace  during  the  three 
experiments,  and  maintained  as  nearly  as  possible  at  the  same 
temperature  throughout. 

Only  one  determination  of  this  metal  has  been  made  by 
Mallet*s  method,  giving  a  liquid  density  of  6*55. 

Silver. 
We  looked  with  much  interest  to  the  experiments  on  the 
density  of  molten  silver  for  several  reasons — mainly  from  the 
fact  that  it  melts  at  a  high  temperature,  which  has  been  deter- 
mined with  great  care  by  the  late  Henri  Ste  Claire  Deville, 
who  in  his  later  experiments  on  the  subject  fixed  the  tempe- 
rature at  940°  0.*  We  operated  on  a  thousand  ounces  of 
silver,  which  proved  on  assay  to  contain  998  parts  of  pure 
silver  in  1000.  We  have  as  yet  only  secured  one  trustworthy 
result,  as  we  found  it  very  difficult  so  to  adjust  the  tempera- 
ture of  the  molten  silver  as  to  prevent  the  silver  balls  from 
melting  mther  too  rapidly  or  too  slowly.  In  the  experiment 
No.  52,  in  which  we  did  secure  a  result,  the  metal  must  have 
been  just  about  its  melting-point,  as  at  the  end  of  four 
•  Compte$  lUndus,  t.  xc.  (1880)  p.  773. 
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minutes  the  silver  ball  had  not  entdrelj  melted ;  the  experi- 
ment was  stopped^  however;  as  the  silver  began  to  solidify  on 
the  iron  stem  of  the  ball. 

The  diagram  No.  3  is  reduced  from  the  original ;  and 
we  have  appended  the  calculation  for  fluid  density,  assuming 
the  position  of  equilibrium  at  first  immersion  of  the  ball  to 
be  at  point  a. 

The  particulars  of  the  experiment  are  as  follows: — 


Ko.  of 
expt 

Diameter 

of  ball, 

in  inoliea. 

VS^eight,  in 
trojounceB, 
including 
the  stem 
for  attach- 
ment. 

Spedflc  gra- 
vity of  cold 
baU,  inclu- 
ding llie 
stem. 

Sinking 
effect  on 
fint  im- 
mersion, 
in  troy 
ounces. 

Deduced 

ntyof&id 
metal. 

Bemarks. 

52. 

3 

74-8 

1OO08 

4-1 

9-51 

Pure  sayer 
baUinpure 
silver. 

The  liquid  density  of  pure  silver,  as  determined  by  one  of 
us*,  on  Mallet's  method,  from  a  mean  of  two  experiments, 
giving  respectively  9*447  and  9*476,  was  9*46.  This  confirms 
the  single  result  obtained  by  the  oncosimeter. 

If  we  now  tabulate  the  mean  results  of  the  foregoing  expe- 
riments, as  well  as  those  previously  obtained,  we  shall  be  able 
to  compare  the  densities  according  to  the  two  methods  of  inves- 
tigation:— 


Fluid  density  of 

By  Mallet's  metiiod. 

By  oncosimeter. 

Bismuth    

10-039 

10-66 
6-974 
6-66 
9-46 

10056 
8-217 

10-87 
7035 
6-48 
9-51 

CoDner 

Lead 

Tin 

Zinc  

SilTer 

The  difficulties  connected  with  the  woricing  of  the  oncosi- 
meter are  less  than  those  which  arise  in  Mallet's  method;  and 
the  sources  of  error  are  less,  the  correctness  of  the  result  in 
the  latter  depending  on  the  metal  in  the  cone  being  free  from 
air-holes. 

It  will  be  seen  firom  the  above  table  that,  in  the  case  of 
*  Roberts,  Proc.  Roy.  Soc.  yol.  xxiiL  p,  493. 
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the  five  metals  in  which  both  systems  were  tried,  the  results 
correspond  as  closely  aj9  could  be  expected,  taking  into  con- 
sideration the  great  difficnlties  of  observation  at  the  high 
temperatures  employed.  We  therefore  venture  to  think  that 
the  oncosimeter  can  be  depended  upon  generally  for  the  deter- 
mination of  the  fluid  densities  of  metals,  if  the  experiments  are 
conducted  with  the  necessary  care. 

Taking  therefore  the  oncosimeter- results  as  approximately 
accurate,  we  find  the  change  of  volume  of  these  metals  in  pass- 
ing from  the  cold  solid  to  the  liquid  state  to  be  as  follows  :— 


Metal. 

-ifx- 

Specific  gravity 
of  liquid. 

Percentage  of  diange 

in  volume  from  cold 

soUd  to  Uquid. 

Bismuth 

9*82 
8-8 

11-4 
7-6 
7-2 

10-67 

1       6-95 

10O56 
8-217 

10-37 
7025 
6-48 
9-51 

6-88 

Decrease  of  vol.  2*3 
Increase  of  vol.  7*1 
do.       do.        9-93 
do.       do.        676 
do.       do.      Ill 
do.       do.      11-2 

do.      do.        1-02 

OoDDer    

Lead    

Tin  

Zinc 

Silver  

*Iron  (No.  4,  foundry, 
Clereland) 

The  experiments  just  described  lead  us  to  believe  that^ 
although  the  conditions  under  which  they  are  made  may 
render  it  impossible  to  obtain  results  that  are  rigidly  accurate, 
still  the  errors  are  inconsiderable.  It  has  been  urged  that  the 
unsoundness  or  porosity  in  the  casting  would  disturb  the  accu- 
racy of  the  results  ;  but  this  is  provided  against  in  each  case 
by  taking  the  specific  gravity  of  the  ball  operated  on,  its  iron 
stem  being  submerged  in  water  to  a  point  which  is  afterwards 
just  reached  by  the  molten  metal.  It  has  also  been  suggested 
that  the  expansion  of  the  ball,  when  it  enters  the  fluid  metal, 
causes  tension  on  the  metal  in  the  interior  of  the  ball,  and  that 
therefore  the  density  of  the  ball  (from  which  the  fluid  density 
is  determined)  can  never  be  trusted.  It  must  be  remembered, 
however,  that  the  determination  of  the  fluid  density  is  made 
and  automatically  registered  at  the  moment  of  immersion, 
before  the  volume  of  the  ball  can  be  practically  afiected. 

•  Wrighteon,  Journal  of  the  Iron  and  Steel  Institute,  No.  1  (1880),  p.  20. 
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Since  our  last  paper  was  read,  we  have  seen  that  MM.  F. 
Nies  and  A-Winkelmann*  have  been  investigating  the  changes 
in  volame  of  certain  metals  when  melted.  Their  method  will 
be  best  understood  by  a  short  description  of  the  way  in  which 
the  metal  tin  was  treated  by  them. 

Tin  was  melted  in  a  suitable  vessel;  the  melting-point  (viz. 
226^*5  C.)  being  carefully  maintained.  Pieces  of  tin  were 
then  dropped  in^  and  observed  first  to  sink^  then  to  rise  before 
melting — showing  that  solid  tin  has  a  higher  specific  gravity 
than  the  liquid  masS;  but  that  when  its  temperature  has  been 
raised  to  the  melting-point,  or  rather  to  a  certain  temperature 
just  below,  then  it  is  specifically  lighter.  In  order  to  deter- 
mine this  relation,  they  enclosed  pieces  of  copper  (having  a 
higher  specific  gravity  than  tin)  in  pieces  of  tin,  and  were 
thus  able  to  increase  the  specific  gravity  of  the  solid  piece  at 
will;  and  although  not  able  to  determine  directly  whether  the 
compound  piece  was  of  the  same  density  as  the  liquid,  the 
latter  not  being  transparent,  yet  by  varying  the  amount  of 
copper  enclosed  in  the  tin,  thus  forming  pieces  of  a  difierent 
density,  they  were  enabled  to  say  that  it  lay  between  the 
two  limiting  values.  Compound  pieces  with  varying  and 
known  amounts  of  copper,  thus  formed,  were  placed  on  the 
surface  of  the  liquid  tin  for  some  littie  time,  then  dipped 
under  the  surface;  and  it  was  noted  whether  they  rose  again 
or  not.  The  pieces  were  each  then  carefully  taken  out  again 
and  weighed,  to  ascertain  that  no  part  had  been  melted. 
This  was  continued  until  they  found  two  compound  pieces 
such  that,  at  a  temperature  just  below  the  melting-point,  one 
would  just  rise  and  the  other  would  just  sink. 

If,  then,  the  relative  densities  of  the  liquid  tin  and  the  copper 
at  the  temperature  of  liquid  tin  could  be  ascertained  by  expe- 
riment, the  relative  density  of  the  solid  tin  just  below  melting- 
point  and  the  liquid  tin  can  be  calculated. 

A  copper  ball  was  heated  to  the  temperature  of  the  melting 
tin,  and  weighed,  first  in  air,  then  in  the  liquid  tin.  The  rela- 
tive densities  being  thus  ascertained,  the  calculations,  which 
we  need  not  give  here,  are  of  a  simpler  character. 

In  the  case  of  tin,  they  found  that  the  liquid  is  of  *  7  per  cent. 

*  Sitamffsberichte  der  Ahademie  der  Wmenschqften  xu  Miifichen,  1881, 
part  1,  p.  68. 
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greater  density  than  the  hot  solid  at  a  temperatore  just  below 
melting-point. 

This,  so  far  as  it  goes,  is  confirmatory  of  the  results  obtained 
by  us.  If  diagram  No  2.  be  examined,  it  will  be  seen  that  the 
line  of  volume  rises  gradually  to  the  line  of  equilibrium,  indi- 
dicating  expansion;  and  just  before  the  ball  melts  rises  above 
the  line,  indicating  a  floating  eflfect,  when  the  temperature 
approximates  to  the  melting-point. 

Tin  therefore  appears  to  be  similar  to  iron  ;  viz.  it  is  at 
its  maximum  density  when  cold,  and  at  its  minimum  density 
when  at  a  temperature  just  below  melting,  and  that  the  fluid- 
density  is  between  the  two. 

The  results  obtained  by  MM.  Nies  and  Winkelmann  on  bis- 
muth will  serve  to  illustrate  the  degree  of  approximation  <rf 
these  limiting  values. 

A  piece  of  bismuth,  when  allied  with  a  platinum  block 
weighing  21'76  grammes,  sank  ;  and  another  piece,  weighing 
35-4  grammes,  floated;  which  is  equivalent  to  stating  that  the 
specific  gravity  of  the  melting  bismuth  is  between  10*28  and 
10-12. 

They  arrive  at  the  general  result  that  not  one  of  the  eight 
metals  they  examined  will  justify  the  assertion  that  "  bodies 
contract  on  becoming  solid;"  but  the  experiments  rather 
favour  the  view  that  metals  when  solid,  a*  a  temperctture  dose 
upon  their  melting-points^  are  less  dense  than  when  molten. 

"Without  accepting  MM.  Nies  and  Winkelmann's  results 
as  final,  we  do  not  consider  them  to  be  opposed  to  our  own, 
as  theirs  relate  solely  to  the  ratio  of  the  densities  of  the  solid 
and  liquid  metals  at  as  nearly  as  possible  the  same  temperap- 
ture,  while  our  experiments  were  undertaken  with  a  view  to 
determine  the  actual  density  of  a  metal  at  the  lowest  tempera^ 
ture  at  which  it  is  perfectly  liquid. 


XII.  Experiments  on  the  Faure  Accumulator. 
By  Professors  W.  E.  Ayrton  and  John  Pkrry*. 

Having  made,  at  the  request  of  the  Faure  Accumulator  Com- 
pany, a  series  of  experiments  on  some  of  their  cells,  we  have 
thought  that  a  short  account  of  some  of  the  results  obtained 
♦  Read  February  25, 1882. 


Digiti 


zed  by  Google 


ON  THE  FAUBE  ACCUMULATOR.  105 

may  not  be  miiiiteresting  to  the  members  of  the  Physical 
Society. 

The  object  of  the  experiments  was  to  ascertain^ /r«<,  the 
efficiency  of  a  cell — ^that  is^  the  ratio  of  the  energy  given  out 
by  it  to  the  energy  put  into  it;  aecondlt/y  the  storing-power  of 
a  ceU;  and,  lastly^  whether  or  not  there  was  a  deterioration  in 
its  worldng-powerB.  To  measure  the  energy  put  into  any 
electric  circuit,  we  have  merely,  of  course,  to  take  time« 
readings  of  the  current  flowing  ilirongh  the  circuit,  as  well  as 
the  difference  of  potentials  between  its  two  extremities.  The 
current  in  amperes  multiplied  by  the  electromotive  force  in 
volts  and  by  44*25,  gives  the  number  of  foot-pounds  per 
minute  that  is  being  put  into  that  part  of  the  circuit  as  elec- 
tric energy.  For  measnring  the  current  we  have  used  through- 
out our  ammeters  (short  for  ampere-meters),  and  for  measuring 
electromotive  force  our  voltmeters,  the  laUer  being  employed 
of  course  in  a  shunt  circuit 

Of  the  total  electric  energy  put  into  the  circuit,  and  which 
is  meaBured,  in  foot-pounds  per  minute,  by  44*25  AY,  a  por- 
tion will  be  employed  simply  in  heating  the  cii«cuit,  and  the 
remainder  may  be  utilized  in  producing  useful  work.  For 
example,  if  a  time-curve  be  drawn  for  44*25  AY  when  charging 
a  Faure  accumulator,  the  area  of  the  curve  will  measure  the 
total  energy  put  into  the  accumulator  in  foot-pounds ;  but 
of  this  some  portion  has  been  wasted  in  heating  the  cell,  due 
to  the  charging  having  been  more  rapid  than  was  absolutely 
necessary.  It  was,  of  course,  of  considerable  importance  in 
our  experiments  to  ascertain  what  portion  of  the  energy  put 
into  the  cell  was  really  thus  wasted;  and  to  measure  this  the 
following  experiments  were  made. 

Occasionally  the  main  current  was  stopped,  the  shunt  cur- 
rent through  ^e  voltmeter  being  left  completed.  The  reading 
now  on  the  voltmeter  gives  the  difference  of  potentials  pro- 
duced by  the  cell  itself,  whereas  the  previous  reading  was  the 
combined  difference  of  potentials  produced  by  the  cell  and  the 
dynamo-machine  charging  it.  If  now  a  new  time-curve  be 
drawn  in  which  the  ordinates  represent  the  product  of 
44*25  AY',  where  Y'  is  the  electromotive  force  of  the  cell 
measured  on  the  circuit  being  broken,  and  A  is  the  mean 
value  of  the  current  flowing  just  before  breaking  and  just  after 
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closing  the  circuit,  the  area  of  the  new  curve  will  represent 
that  portion  of  the  energy  put  into  the  cell  which  is  useftilly 
employed  in  chemical  decomposition.  The  difference  between 
the  areas  of  these  two  curves  represents,  then,  the  amount  of 
energy  wasted  in  heating  the  cell  in  foot-pounds. 

Again,  on  discharging  the  cell,  experiments  of  a  similar 
nature  have  to  be  made.  The  product  44*25  AY  represents 
the  number  of  foot-pounds  of  work  per  minute  the  cell  is  pro- 
ducing in  the  external  circuit,  Y  being  the  difference  of  poten- 
tials between  the  two  poles  of  the  cell  while  it  is  discharging; 
but,  in  addition,  there  is  a  certain  amount  of  energy  which  is 
being  expended  in  heating  the  cell  itself  during  discharge. 

This,  as  before,  may  be  ascertained  by  breaking  the  main 
circuit,  leaving  the  shunt-voltmeter  circuit  completed.  The 
reading  on  the  voltmeter  Y^  now  indicates  the  real  electro- 
motive force  of  the  accumulator  during  discharge;  whereas  the 
previous  reading,  obtained  just  before  breaking  the  circuit, 
represents  merely  the  fraction  of  the  total  electromotive  force 
employed  in  sending  the  current  through  the  external  resist- 
ance. If  a  time-curve  be  drawn  with  its  ordinates  propor- 
tional to  44*25  AY^,  where  A  is  the  mean  value  of  the  current 
just  before  breaking  and  just  after  closing  the  circuit,  its  area 
will  represent  the  total  number  of  foot-pounds  of  energy  per 
minute  being  given  out  by  the  cell;  and  ^e  difference  between 
the  areas  of  the  last  two  curves  will  represent  the  number  of 
foot-pounds  of  energy  employed  in  heating  the  cell  itself.  It 
is  to  be  noticed  that  during  charging  Y^  b  less  than  Y,  whereas 
on  discharging  Y'  is  greater  than  Y. 
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An  examination  of  thirty-five  sheets  of  time-curves,  which 
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we  have  drawn  from  the  experiments  we  made^  shows  that,  in 
charging,  the  curve  for  AV  rises  at  first ;  and  as  it  rises 
more  rapidly  than  that  for  AY^,  this  means  an  increase  in  the 
resistance  of  the  accumulator. 

Ab  the  charging  continues^  the  two  curves  for  AV  and  A  V 
approach  one  another,  showing  that  the  internal  resistance  of 
the  accumulator  diminishes  again.  On  the  other  hand,  at  the 
•  end  of  a  long  discharge  the  curve  for  AV  falls  more  rapidly 
than  that  for  AV^,  due  to  an  increase  in  the  internal  resistance. 
Now  our  experiments  show  a  great  constancy  in  the  electro- 
motive force  of  a  Faure  cell,  and  that  the  falling-off  in  dis- 
charging which  occurs  during  a  very  rapid  discharge,  or  at 
the  end  of  a  long  discharge,  is  due  more  to  an  increase  in  the 
internal  resistance  of  the  accumulator  than  to  a  diminution  in 
the  electromotive  force,  which  our  methods  of  experimenting 
above  described  enable  us  to  separate  and  measure  inde- 
pendently. But|  whether  discharging  rapidly  or  whether 
discharging  slowly,  there  is  a  most  curious  resuscitating- 
power  in  the  cell,  which,  if  disregarded,  will  cause  totally  erro- 
neous underestimates  to  be  made  of  the  efficiency  of  the  cell. 

This  resuscitating-power  is  more  marked  for  rapid  discharges 
than  for  slower  ones.  In  the  case,  for  example,  of  an  ex- 
tremely rapid  discharge,  we  found  that  when  the  flow  had 
become  apparently  so  feeble  that  the  cell  appeared  totally  dis- 
charged, leaving  the  poles  of  the  cells  insulated  caused  three 
times  as  much  electric  energy  to  be  given  out  all  together  in 
the  second  discharge  as  had  been  given  out  in  the  first.  And 
even  when  several  days  are  taken  to  discharge  the  cell — and 
we  may  mention  that  we  have  had  continuous  observations 
made  day  and  night  for  several  days  in  certain  cases — ^this 
resuscitating-power  is  wonderfully  marked.  An  insulation  of 
a  few  hours  will  cause  the  energy  given  off  per  minute  on 
redischarging  to  be  eight  to  ten  times  as  great  as  it  was  before 
insulation.  Indeed  on  one  occasion,  after  a  cell  had  apparently 
nearly  discharged  itself,  it  was  left  shortcircuited  with  a  thick 
wire  for  half  an  hour,  then  insulated  all  nighty  when  the  nuuL- 
ber  of  foot-pounds  of  work  per  minute  given  off  at  the  com- 
mencement of  the  discharge  the  following  morning  was  found 
to  be  ten  times  as  great  as  it  was  on  the  previous  evening,  and 
a  greater  amount  of  energy  was  actually  taken  from  it  in  the 


Digiti 


zed  by  Google 


108  EXPERIMENTS  ON  THE  FAURB  ACCUMULATOR. 

second  discharge  than  in  the  first.  This  phenomenon  gives 
the  Faure  accumulators  a  great  valne  for  tramcar  propul- 
sion, since,  as  is  well  known,  it  is  just  on  starting  after  stop- 
ping that  the  strain  on  the  horses  is  so  great. 

Efficiency. — To  determine  the  efficiency  of  cells  we  com- 
mence with  them  empty,  or  at  least  as  empty  as  many  hours' 
shortcircuiting  with  a  thick  wire  could  make  them.  We 
then  measured  the  total  amount  of  energy  put  in  and  the 
total  amount  subsequently  given  out,  and  we  found  that,  for 
charges  up  to  a  million  foot-pounds  put  into  the  cell  and  dis- 
charged with  an  average  current  of  17  amp&res,  the  loss  in 
charging  and  discharging  combined  may  not  exceed  18  per 
cent.  Indeed,  for  very  slow  discharges  the  loss  in  charging 
and  discharging  combined  in  some  of  our  experiments  has  been 
as  low  as  10  per  cent. 

Storing-power. — It  is  a  little  difficult  to  measure  the  maxi- 
mum storing-capacity  of  the  cell  at  the  same  time  that  mea- 
surements are  made  of  its  efficiency,  because  in  the  latter  case 
we  must  take  care  that  we  do  not  put  in  more  electric  energy 
than  the  cell  can  hold ;  on  the  other  hand,  if  precautions  are 
taken  to  avoid  overcharging,  it  is  a  little  difficult  to  ensure  that 
the  full  charge  has  been  put  in.  We  have  therefore  separated 
our  experiments  for  measuring  the  efficiency  from  those  em- 
ployed to  ascertain  the  storing-power. 

Let  us  take  a  single  example  of  the  storing-capacity.  A 
certain  cell  containing  81  lb.  of  lead  and  red  lead  was  charged 
and  then  discharged,  the  discharge  lasting  eighteen  hours-*- 
six  hours  on  three  successive  days;  and  it  was  found  that  the 
total  discharge  represented  an  amount  of  electric  energy  ex- 
ceeding 1,440,000  foot-pounds  of  work.  This  is  equivalent  to 
one  horse-power  for  three  quarters  of  an  hour,  or  18,000  foot- 
pounds of  work  stored  per  pound  weight  of  lead  and  red  lead. 
The  curve  shows  graphically  the  results  of  the  discharge. 

Horizontal  distances  represent  time  in  minutes,  and  vertical 
distances  foot-pounds  per  minute-  of  energy  given  out  by  the 
cell,  and  the  area  of  the  curve  therefore  the  total  work  given 
out.  On  the  second  day  we  made  it  give  out  energy  more 
rapidly  than  the  first,  and  on  the  third  more  rapidly  than  on 
the  second,  this  being  done  of  course  by  diminishing  the  total 
resistance  in  circuit.    During  the  last  day  we  were  discharging 
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with  a  carrent  of  aboat  25  amperes.     And  this  cell;  like  the 
others,  showed^  on  being  insulated  after  having  been  apparently 
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Time  in  hours. 

totallj  discharged,  that  there  was  still  a  large  charge  stored  up; 
hence  the  numbers  given  above  for  the  capacity  are  probably 
under  the  total  value. 

Deterioration. — ^As  to  deterioration,  two  months  constant 
ohai^ging  and  discharging  of  the  two  accumulators  under  test 
showed  no  signs  of  deterioration. 


XIII.  A  Simplified  Uispersum-Phototneler, 
By  Professors  W.  E.  Ayrton  and  John  Perry*. 

It  will  be  in  the  recollection  of  the  Members  that  in  1879 
we  described  to  the  Society  a  dispersion-photometer  which 
enabled  measurements  to  be  made  of  the  intensity  of  the 
strongest  electric  light  in  a  small  room  and  for  the  rays 
coming  from  the  electric  light  at  any  angle — two  essentials 
which  appeared  to  us  necessary  in  an  electric-light  photometer. 
Tii»  principle  of  this  photometer  consisted  in  our  use  of  a  con- 
cave lens  to  weaken  the  strength  of  the  light,  so  as  to  make 
the  illumination  of  a  screen  comparable  with  the  illumination 
of  a  standard  candle,  instead  of  keeping  the  lamp  a  distance  of 
50  or  100  feet  away,  which  was  the  plan  in  use  until  that  time. 

•  Read  February  25,  1882. 


Digiti 


zed  by  Google 


110  PROFESSORS.  ATRTON  AND  PERRY  ON  A 

We  exhibit  now  five  snccessive  forms  of  the  instrament^  whidi . 
illnstrate  the  histoiy  of  its  development  to  the  present  time* 

1.  The  first  of  these  is  very  nearly  the  same  as  that  described 
in  onr  former  paper,  with  the  exception  that  we  discarded  the 
nse  of  a  long  screw  (shown  in  onr  original  figure)  for  adjusting 
the  position  of  the  lens — as  we  fonnd  that  a  very  easy  adjust- 
ment might  be  efiected  with  the  fingers^  the  tension  of  the 
bellows  part  making  an  automatic  clutch  which  fixed  the  lens- 
slide  in  any  position. 

2.  The  second  specimen  is  on  the  same  principle^  only  that 
telescope^tubes  are  used  instead  of  a  wooden  frame  and  a  bel- 
lows. Instead  of  the  lens  part  alone  tilting  when  the  elevated 
or  depressed  light  has  to  be  examined^  the  candle-box  is  here 
made  to  tilt  also,  the  candle  being  supported  in  gimbals  so  that 
it  may  remain  vertical  for  every  angle  of  elevation. 

3.  The  third  specimen  is  on  pretty  much  the  same  principle; 
but  aj9  we  found  a  difficulty  in  comparing  two  illuminated 
disks  whose  centres  were  some  distance  apart,  we  arranged  in 
front  of  these  disks  two  mirrors,  which  enable  us  to  make  the 
comparison  between  two  illuminated  semicircles  having  the 
same  diameter.  The  difficulty  of  adjusting  the  lens  and 
making  a  comparison  of  the  illuminations,  and  reading  the 
scale,  without  ipoving  one's  head,  in  all  these  early  instru-r 
ments  led  us  to  the 

4th  form,  which  is  probably  familiar  to  the  Members,  as  it 
was  exhibited  at  Paris  and  largely  used  there  for  measure- 
ments. In  this  the  candle-box  and  the  lens-box  are  placed 
end  to  end,  the  lens  is  fixed  in  a  wooden  piston  which  moves 
in  its  hollow  square  box^ which  is  lined  with  velvet;  and  the 
lens  shows  its  position  by  a  pointer  moving  over  the  scale 
outside.  The  pointer  projects  from  the  inside  of  the  wooden 
cylinder  at  any  point  of  a  long  slot,  whose  sides  are  made  of 
india-rubber  tubing,  so  that  no  extraneous  light  can  reach  the 
illuminated  screen.  A  little  handle  working  a  rack  and  pinion 
enables  the  lens  to  be  placed  in  any  position.  Through  a  hole 
at  the  side  the  two  screens  can  be  viewed  refiected  in  two 
mirrors,  inclined  to  one  another  in  the  space  between  the 
candle-box  and  the  lens-cylinder;  and  the  illuminated  papers 
are  viewed  as  two  semicircles  having  a  common  diameter.  In 
front  of  this  hole  we  have  slides  of  red  and  green  glass ;  so  that. 
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as  our  custom  has  always  been,  wamake  two  measurements- 
one  a  comparison  of  the  ruby-red  light  of  the  lamp  examinra 
with  the  red  light  of  the  candle,  and  another  of  the  green 
lights.  This  instrument  differed  from  the  earlier  forms  in  not 
requiring  any  calculation  to  be  made  of  the  strength  of  the 
light ;  that  is,  the  reading  of  the  pointer  was  not  merely  a 
reading  of  its  distance  from  the  screen,  but  it  was  a  reading  in 
standard  candles  of  the  power  of  the  light.  Three  such  scales 
were  placed  on  the  instrument;  and  there  were  three  certain 
distances  at  which  the  lamp  had  to  be  placed  for  examination. 
The  tilting-^rrangement  was  of  course  different  from  that  of 
the  earlier  forms. 

As  the  instrument  had  by  this  time  (the  end  of  last  year) 
come  into  a  rather  extensive  practical  use,  we  had  opportu- 
nities of  seeing  that,  as  an  instrument  to  be  used  by  unscien- 
tific persons,  it  was  not  yet  in  a  perfect  condition,  in  spite  of 
the  many  changes  that  had  been  made  in  its  construction. 
The  most  important  di£Sculty  was  due  to  the  £Etctthat  a  slight 
lateral  change  in  the  position  of  the  observer's  eye  caused  the 
apparent  illumination  of  the  screens  to  vary.  Being  aware  of 
this  fact  ourselves,  we  maintained  a  certain  fixed  position  of 
the  eye  when  making  observations;  but  the  instrument  could 
not  at  once  be  used  by  persons  not  accustomed  to  make  deli* 
cate  experiments. 

5.  lie  fifth  form,  which  we  now  present  to  the  Society, 
is  the  outcome  of  our  labours  on  this  subject.  We  have  all 
along  seen  the  disadvantage  of  using  the  Bouguer's  two- 
screen  method,  since,  when  lights  are  examined  that  have 
passed  through  tissue  or  tracing-paper,  a  very  slight  change 
in  the  position  of  the  observer's  eye  makes  a  very  great  differ- 
ence in  the  apparent  illumination,  whereas,  using  Bumford's 
method,  when  a  sheet  of  white  blotting-paper  is  employed  as 
a  screen  very  considerable  changes  in  the  position  of  the  eye 
produce  no  change  in  the  apparent  illumination — a  result, 
however,  which  is  not  attainable  when  ordinary  drawing-paper 
is  used  as  the  screen.  If,  however,  Bumfonl's  method  is  to 
be  used  to  measure  the  rays  coming  at  different  angles  from 
an  electric  light,  a  mirror  must  be  employed  to  reflect  them 
successively  onto  the  same  screen;  and  if  used  in  the  ordinary 
way,  the  angle  of  incidence  of  the  rays  on  the  mirror  will  be 
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different  in  different  cases.  Now  the  difficulty  that  always 
met  ns  arose  fix>m  the  inequality  of  the  refleoting^power  of  an 
ordinary  mirror  for  rays  falling  on  it  at  different  angles  of 
incidence.  We  have,  however,  completely  overcome  this  dif- 
ficulty in  an  exfcremdiy  simple  way,  by  causing  the  mirror  to 
turn  about  a  horizontal  axis  inclined  at  45^  to  its  plane,  and 
the  whole  photometer  to  turn  about  a  vertical  axis.  With  this 
arrangement  the  angle  of  incidence,  and  consequently  the 
proportional  absorption,  is  the  same  whatever  be  the  inclina- 
tion of  the  rays  coming  from  the  lamp  to  the  mirror ;  and, 
further,  the  angle  being  45^,  the  amount  of  rotation  of  the 
mirror  about  its  horizontal  axis  necessary  to  enable  measure- 
ments to  be  made  of  rays  coming  at  any  angle,  after  measure- 
ments have  been  made  of  the  horizontal  beam,  is  exactly  equal 
to  the  inclination  of  the  beam  in  question. 

Using  Bumford's  method  in  this  latest  form  of  our  photo- 
meter, we  are  to  a  great  extent  independent  of  the  presence  of 
other  sources  of  illumination  of  the  screen,  so  iliat  the  appa- 
ratus need  not  be  enclosed  in  a  box.  At  the  same  time,  how- 
ever, the  sensibility  of  the  test  is  much  increased  by  placing 
a  shade  to  prevent  the  electric  light  shining  directly  onto  the 
screen,  (hi  this  screen  of  blotting-paper,  B,  is  tiirown  the 
shadow  of  a  black  rod.  A,  placed  in  front  of  it,  by  a  candle  in 
the  candle-holder,  D. 


Now  it  is  well  known  that  if  an  electric  light  is  also  allowed 
to  illuminate  this  screen,  and  to  throw  a  second  shadow  of  the 
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rod  A  on  ihe  paper,  and  if  the  candle  is  adjusted  at  snch  a 
distance  that  tlie  two  shadows  are  of  eqnal  intensity,  the 
strength  of  the  light  is  to  that  of  the  candle  in  the  ratio  of  the 
squares  of  their  distances  from  their  respectiye  shadows.  Bnt 
instead  of  allowing  the  strong  light  to  pass  directlj  to  the 
screen,  we  caose  it  to  pass  through  the  concave  lens  in  the 
sliding  wooden  frame  0.  A  pointer  on  this  slide  tells  the 
distance  of  the  lens  from  the  screen.  As  yon  are  all  aware, 
the  weakening  of  light-intensity  produced  by  the  lens  enables 
ns  to  leave  our  electric  lamp  within  a  few  feet  of  the  instru- 
ment. We  have  experimentally  found  that  there  is  no  appre- 
ciable loss  of  light  in  passing  through  the  lens.  The  candle 
slides  on  the  bar  J;  and  its  distance  from  its  shadow  is  shown 
by  a  pointer  on  a  scale.  If/  is  the  focal  length  of  the  lens, 
D  the  distance  of  the  electric  light  from  the  paper-screen,  d 
the  distance  of  the  centre  of  the  lens  from  the  screen,  and  c  that 
of  the  candle  when  the  shadows  show  equal  illumination,  then, 
if  L  is  the  strength  of  the  examined  source  of  light  in  standard 
candles, 

or 

For  our  own  use  we  prefer  to  employ  the  formula ;  but  as  all 
the  common  instruments  which  have  hitherto  been  manu£EU)- 
tured  have  lenses  whose  focal  length  is  4  inches,  we  have  pre- 
pared a  table,  a  copy  of  which  is  sent  out  along  with  each 
instrument,  in  which  the  value  of  L  is  given  for  various 
values  of  D,  dy  and  c.  Using  this  table,  it  is  necessary  to 
have  the  lamp  at  either  60, 120,  or  300  inches  from  the  screen; 
the  candle  is  either  at  10, 14*14,  or  20  inches  from  the  screen; 
and  the  table  is  made  out  for  eveiy  half  inch  of  the  lensHScale. 
But  inasmuch  as  we  find  that  the  improved  arrangement  of 
the  mirror  already  referred  to  constitutes  perhaps  the  most 
useful  part  of  the  instrument,  and  as  the  use  of  this  improve- 
ment involves  many  alterations  of  D,  the  manufacturer  pro- 
poses in  future  not  to  furnish  any  table  of  values  of  L  unless 
specially  asked  for. 
H  is  the  plane  silvered-glass  mirror  which  makes  the  angle 
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of  45^  witli  the  axis  of  the  lens,  and  with  the  axis  about  which 
the  mirror  itself  is  free  to  revolve.  As  already  explained^  a 
raj  of  light  reflected  from  the  mirror  and  passing  throagh  the 
centre  of  the  lens  mast,  for  any  position  of  the  mirror,  have 
an  angle  of  incidence  of  45^,  and  so  must  experience  the  same 
amount  of  absorption^  from  whatever  direction  it  may  have 
come  to  the  mirror.  Further,  this  angle  being  45^,  a  fixed 
pointer  marks  on  the  graduated  circle  G,  which  moves  with 
the  mirror,  the  angle  which  any  ray  we  may  be  examining 
makes  with  the  horizontal. 

In  this  instrument  we  find  that  from  30  to  34  per  cent,  of 
the  incident  light  at  45^  is  absorbed,  whether  this  light  is  of 
ruby-red  or  signal-green  colour;  so  that  we  have  the  easy 
practical  rule  for  all  cases — add  one  half  to  the  measured 
intensiiy  of  light  reflected. 

We  need  not  here  refer  to  the  fact  that,  when  investigating 
the  efficiency  of  an  electric  lamp,  we  always  measure  the 
horse-power  given  electrically  to  the  lamp  simultaneously 
with  the  photometric  measurement. 

The  lamp  is  suspended  in  such  a  way  that  it  can  readily  be 
placed  at  any  elevation.  The  frame  of  the  tripod-stand  is  first 
levelled.     A  pin  at  F,  directiy  underneath  the  centre  of  the 


mirror,  passes  through  the  base  of  the  photometer  and  fits  into 
a  hole  in  the  top  of  the  tripod-stand.  The  photometer,  by 
turning  round  this  pin,  can,  without  producing  any  change  in 
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the  distance  of  the  centre  of  the  mirror  from  the  lamp,  and 
therefore  without  changing  the  distance  from  the  screen  to 
the  lamp,  receive  the  small  horizontal  motion  necessary  for 
the  adjustment  of  a  new  inclination  of  the  rajs  coming 
from  the  electric  light,  withont  any  alteration  of  the  distance 
of  the  centre  of  the  mirror  from  the  lamp.  The  divided  circle 
is  clamped  with  the  index  at  0^;  the  lamp  is  lowered  or  raised 
till  the  illuminated  disk  formed  by  the  reflected  light,  passing 
afterwards  through  the  lens,  is  in  the  middle  of  the  paper 
screen.  A  little  sliding  shutter  with  a  fine  hole  in  its  centre, 
seen  in  the  figure,  enables  a  veiy  exact  adjustment  to  be  made; 
but  in  practice  we  find  that  we  get  su£Scient  accuracy  without 
the  use  of  the  shutter.  We  now  measure  the  distance  from 
lamp  to  centre  of  mirror  in  inches.  Equalizing  the  intensities 
of  the  t^'o  shadows  by  adjusting  the  lens-slide  when  looking 
at  them  through  red  or  green  glass,  we  now  note  the  lens-  and 
candle-readings ;  and  we  repeat  these  operations,  changing 
from  red  to  green  and  green  to  red  about  five  times  in  a  minute. 
The  lamp  is  now  raised  or  lowered  and  fixed  in  any  position  ; 
a  few  seconds  suffice  to  turn  the  mirror  so  that  it  sends  its 
centre  ray  exactly  through  the  centre  of  the  lens.  The  dis- 
tance from  screen  to  mirror  in  this  instrument  being  22  inches, 
if  S  is  the  distance  from  centre  of  mirror  to  vertical  from  lamp, 
and  if  0  is  the  angle  of  elevation,  then 
D=22+Ssec^. 
Using  this  value  of  D  in  the  formula  above,  and  adding  one 
half  to  the  strength  of  the  light  to  make  up  for  absorption, 
the  true  intensity  of  the  light  in  standard  candles  can  be 
ascertained.  We  find  in  practice  that,  if  an  electric  light  is 
moderately  steady,  ten  measurements  may  be  made,  with  some 
confidence  in  their  accuracy,  in  two  minutes  ;  and  the  light 
may  be  measured  in  ten  different  positions,  from  an  angle  of 
depression  of  60^  to  an  angle  of  elevation  of  60^,  100  observa- 
tions being  taken,  in  less  than  half  an  hour. 

We  may  mention  one  very  important  result  we  have  been 
led  to  by  the  systematic  employment  of  a  photometer  which 
can  be  used  close  to  the  electric  light ;  and  that  is  the  large 
amount  of  absorption  that  occurs  on  certain  days  when  the 
rays  from  strong  electric  lights,  and  especially  the  green  rays, 
pass  through  the  air  which  appears  to  the  eye  perfectly  dear. 
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At  first  we  were  inclined  to  think  the  higher  results  for  the 
oandle-power  of  a  lamp  obtained  with  onr  dispersion-photo- 
meter than  those  obtained  with  an  ordinary  distance-photo- 
meter were  dae  to  some  error  in  onr  photometer  itself ;  bnt 
we  have  since  ascertained  that  this  is  due  to  the  absorption  of 
the  air — ^because  we  find  that,  if  simnltaneons  measurements 
are  made  with  ordinary  Romford's  photometers,  each  without 
lens  or  mirror,  placed  at  difierent  distances  from  the  himp  in 
the  same  azimuth  and  in  the  same  horizontal  plane,  the  nearer 
one  gives,  as  a  rule,  the  highest  readings ;  and  the  difference 
is  the  greater  the  s^a'onger  the  light,  and  is  greater  if  the  light 
be  examined  at  each  photometer  with  green  glass. 


XrV.  Notes  an  Thermometry.    By  F.  D.  Bbown,  B.Sc.y 
Demonstrator  of  Chemistry  at  tlie  University  Museum,  Oxford. 

[Plate  VL] 
Some  years  ago,  when  I  determined  to  try  and  find  out 
something  about  the  attractive  forces  which  the  atoms  and 
molecules  seem  to  possess,  by  studying  the  effects  of  heat 
upon  chemical  substances  and  upon  mixtures  of  such  sub- 
stances, I  was  led  to  the  conviction  that,  if  the  work  which  I 
proposed  to  do  was  to  be  of  any  permanent  use,  I  should  be 
obliged  to  take  many  and  minute  precautions  regarding  the 
measurement  of  temperatures — a  measurement  which,  owing 
to  the  pecuh'arities  of  mercurial  and  other  thermometers^  is  so 
liable  to  error.  In  order  to  learn  how  best  to  use  my  thermo- 
meters, and  how  to  refer  their  readings  to  a  satisfactory 
standard,  I  made  a  considerable  number  of  experiments.  At 
the  time  when  these  experiments  were  made  I  imagined  that 
the  subject  of  thermometry,  although  presenting  many  diffi- 
culties to  my  mind,  had  been  thoroughly  worked  out  by 
others,  and  therefore  that  a  printed  record  of  my  observations 
would  be  generally  deemed  to  be  of  littie  utility.  The  recent 
publication  of  a  paper  by  Dr.  E.  J.  MiUs  (Edin.  Boy.  Boc. 
Trans.  1880),  of  one  by  Professors  T.  E.  Thorpe  and  Rucker 
(Phil.  Mag.  [5]  xii.  p.  1),  and  more  especially  of  a  report  by 
M.  Pemet  (M4m.  et  Travaux  du  Bur.  inter,  des  poids  et  mes. 
i.  1881,  pp.  1-52),  has  led  me  to  change  my  opinion,  and  to 
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ibmk  that  thare  still  lenuun  many  points  oonnected  with 
thermometers  ahoot  which  not  only  I,  bat  others  also,  would 
be  glad  to  have  more  certain  information.  Acting  upon  this 
belief,  I  have  pat  together  in  the  following  pages  some  of  the 
lesolis  of  my  experiments. 

The  Mercurial  ThermcmeUr  <u  a  Standard, 
I  was  soon  conyinced  that  any  attempt  te  express  tempersr- 
tores  in  degrees  of  an  ideal  absolate  thermometer,  or  even  to 
refer  them  correctly  to  the  readings  of  an  air^thermometor, 
woold  inyolve  a  most  extensiye  and  wearisome  inyestigation, 
which  wonld  postpone  indefinitely  the  work  I  wished  to  do. 
To  ayoid  this  sabstitation  of  the  means  for  the  end,  I  decided 
te  constract  a  mercarial  thermometer  and  to  ose  it  as  a  stan« 
dard,  keeping  it  ontil  sach  time  as  the  progress  of  oar  know- 
ledge shoold  render  its  comparison  with  the  air-thermometer 
a  matter  of  less  difficalty. 

As  a  mercarial  thennometer  is  yery  liable  to  be  broken,  I 
first  wanted  to  know  whether  this  instrament  fulfilled  ihe 
primary  condition  of  a  trae  standard,  of  being  capable  of 
leprodnction  when  lost  or  destroyed.  With  this  end  in  yiew, 
I  made  two  thermometers  at  different  times,  and  wholly 
indq[>6ndently  one  of  the  other,  and  compared  their  readings. 
To  tibose  who  may  wish  at  any  time  to  constract  a  mercarial 
thennometer  without  the  elaborate  appliances  ordinarily  em- 
ployed, bat  in  which  absolate  confidence  may  be  placed,  the 
following  details  may  be  of  interest: — 

A  capillary  tabe  of  medium  bore,  about  800  millimetres 
long,  free  firom  all  flaws,  and  haying  as  uniform  a  section  as 
possible,  is  proyided  with  a  millimetre-scale  of  600  diyisions. 
The  etching  of  this  scale  is  a  matter  of  great  consequence :  it 
yery  frequently  happens  that  the  diyisions  on  glass  tubes  are 
not  of  exactly  equal  length,  but  that,  owing  to  some  defect  in 
the  diyiding-engine  or  some  moyement  of  the  tube  while  un- 
dergoing the  process  of  diyision,  some  of  the  diyisions  are  so 
much  longer  or  shorter  than  the  rest  as  seriously  to  interfere 
with  the  subsequent  process  of  calibration.  Eyen  when  all 
the  lines  are  equidistant,  they  are  often  so  thick,  and  present 
so  irregular  an  outline  when  yiewed  through  a  telescope,  that 
it  is  impossible  to  fix  upon  any  particular  point  as  that  repre- 
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sented  by  the  dividing-line.  The  tubes  I  employed  were 
selected  and  divided  with  special  care  by  Mr.  Casella^  the 
lines  being  perfectly  straight^  less  than  0*4  millim.  in  thickness, 
and  in  all  cases  equidistant. 

As  a  glass  tube,  however  carefnlly  selected,  is  never  of 
oniform  bore,  it  is  necessary  to  ascertain  the  relative  capacities 
of  the  several  divisions  of  the  tube,  or,  in  other  words,  to 
"  calibrate  "it.  As  is  well  known,  this  is  easily  done  by 
placing  a  thread  of  mercnry  in  successive  positions  along  the 
tube  and  observing  its  length,  the  mean  capacity  of  the  divi- 
sions occupied  by  the  thread  being,  of  course,  inversely  pro- 
portional to  that  length.  In  this  way,  and  by  adopting  the 
plan  of  correcting  the  position  of  the  thread  suggested  by 
Dr.  Mills  in  the  paper  above  referred  to,  which  plan  he  had 
been  kind  enough  previously  to  communicate  to  me  privately, 
a  table  is  readily  constructed  showing  the  volume  of  the  tube 
from  the  line  marked  0  to  any  line  marked  n,  and  also  the 
value  of  the  succeeding  division.  The  only  difficulty  connected 
with  this  process  is  the  accurate  measurement  of  the  length  of 
the  thread  of  mercury  in  its  several  positions.  It  is  true  that 
this  may  easily  be  done  with  a  dividing-engine  or  some  similar 
instiTiment,  such  as  a  cathetometer  provided  with  a  micrometer 
eyepiece  and  placed  horizontally.  As,  however,  reliable  instru- 
ments of  this  class  are  exceedingly  costly,  I  designed  a  small 
piece  of  apparatus  for  the  purpose,  which  has  proved  so  con- 
venient and  useful  that  I  venture  to  describe  it  here. 

A  mahogany  board,  BB  (PI.  VJ.  fig.  1),  about  18  inches  long 
and  4  inches  wide,  is  provided  with  a  groove,  G  G,  of  the  shape 
shown  in  the  section  (fig.  I  a)  ;  a  piece  of  gun-metal,  about 
5  inches  long  and  ^  inch  thick,  slides  in  this  groove  with  some 
little  difficulty — the  friction,  which  is  produced  by  the  spring 
//,  being  necessary  to  retain  the  plate  rigidly  in  any  given 
position.  The  plate,  D,  is  provided  with  a  slot,  e  e,  and  a  milli- 
metre-scale, S  S,  the  dividing  lines  of  which  must,  like  those  of 
the  tube  to  be  calibrated,  be  very  fine  and  truly  equidistant.  The 
piece  of  gun-metal,  E,  which  is  provided  with  a  vernier,  carries 
the  reading-microscope,  M,  and  can  be  moved  along  S  S  by 
means  of  the  rack  and  pinion  p ;  the  movement  is  rendered 
smooth  and  free  from  lateral  displacement  by  the  spring  c,  which 
causes  the  ends  of  E  to  remain  always  in  contact  with  the 
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strught  edge  of  the  slot.  The  thermometer-tabe  is  fixed  with 
suitable  screws  nnder  the  path  of  the  microscope^  so  that  the 
length  of  a  thread  of  mercury  can  be  easily  measured  by 
placing  the  microscope  so  that  its  cross  wire  coincides  first 
with  one  end  of  the  thread  and  then  with  the  other^  and  noting 
on  the  scale  the  distance  between  the  two  positions. 

The  millimetres  of  the  brass  scale  and  those  of  the  tube^  if 
marked  off  by  different  makers^  will  often  differ  a  little  in 
length  ;  hence  it  is  generally  more  satisfactory  to  obtain  from 
the  glass  scale  the  number  of  whole  divisions  occupied  by  the 
thready  and  to  measure  the  terminal  fractions  only  by  the 
microscope. 

Since  the  line  on  the  outside  of  the  tube  is  nearer  the  eye 
than  the  thread  of  mercury  inside  the  tube^  it  is  clear  that 
when  the  microscope  is  adjusted  to  view  the  end  of  the  thread, 
and  is  then  moyed  along  until  the  cross  wire  coincides  with 
the  nearest  line,  this  last  will  be  out  of  focus,  and  either  the 
whole  microscope  must  be  raised  up  or  the  distance  between 
the  object-glass  and  eyepiece  altered.  Now,  unless  the  in- 
strument be  constructed  with  great  solidity,  and  much  care 
be  taken  to  fit  accurately  all  the  moving  parts,  this  adjustment 
will  probably  alter  the  position  of  the  optical  axis,  and  so 
render  the  measurements  inaccurate.  To  avoid  this  diffi- 
culty, I  added  a  half-lens,  L,  fitted  in  the  ordinary  way  on 
a  brass  tube  sliding  on  the  end  of  the  microscope.  This 
lens  of  course  brings  the  focus  of  half  the  field  nearer  the 
object-glass ;  so  that,  by  properly  adjusting  it,  the  divisions 
are  seen  through  the  half-lens  at  the  same  time  that  the 
mercury  is  observed  through  the  unprotected  part  of  the 
object-glass.  In  this  way  all  disturbance  of  the  microscope 
is  avoided  throughout  the  calibration,  which  is  thus  carried 
out  with  much  greater  comfort  and  accuracy. 

Two  tubes  were  calibrated  with  this  apparatus,  and  tables 
of  their  volumes  from  the  first  division  compiled  ;  they  were 
then  furnished  with  bulbs,  filled  with  mercury,  and  sealed 
np  in  such  a  manner  that  they  formed  thermometers  capable 
of  indicating  temperatures  between  0^  and  150^  C.  The 
fixed  points  of  the  two  thermometers  having  been  determined 
with  the  precautions  indicated  below,  tables  showing  the 
temperatures  corresponding  to  the  readings  of  the  scale  were 
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made  in  the  usaal  manner ;  the  two  instniments  were  ihen 
compared  together,  either  in  a  large  tank  of  water  which  was 
kept  well  stirred,  or  in  the  steam-apparatns  which  I  de- 
scribed to  the  Physical  Society  at  the  time  when  these  expe- 
riments were  made.  Before  a  series  of  readings  were  taken, 
both  thermometers  were  heated  for  at  least  half  an  honr  in 
steam,  while  iheir  zero-points  were  observed  after  the  series 
was  completed.  The  numbers  given  in  the  following  table 
show  that  the  two  thermometers  gave  practically  identical 
readings.  It  would  seem,  therefore,  that  the  mercurial  ther- 
mometer, when  carefully  made  and  systematically  heated,  does 
really  possess  that  valuable  property  of  a  standard,  of  being 
capable  of  exact  reproduction. 


Beading  of  AS, 

Beading  of  BS, 

Corresponding 

Corresponding 

ooireoted  for 

corrected  for 

value  of  AS, 

TalueofBS, 

Difierence. 

index-error. 

index-error. 

in  degrees. 

in  degrees. 

58-65 

70-64 

14-30 

14-29 

-•01 

134-33 

160-11 

33-69 

33-71 

+•02 

179-69 

197-20 

45-29 

4630 

+•01 

321-97 

346-96 

81-88 

81-88 

•00 

23*42 

33-74 

6-28 

6*28 

•00 

26-33 

36*83 

6-03 

604 

+  01 

mn 

40-63 

6-99 

6-97 

-•02 

33-76 

44-67 

7-94 

793 

-•01 

43-32 

64-70 

10-40 

10-40 

•00 

47-98 

69-60 

11-59 

11-69 

•00 

69-42 

82-13 

17-09 

1709 

•00 

91-61 

105-62 

22-78 

22-79 

+•01 

Determination  of  tlie  Zero-point, 
In  most  books  on  physics  it  is  stated  that,  in  order  to 
obtain  the  zero-point  of  a  thermometer,  the  instrument  should 
be  placed  in  a  vessel  filled  with  broken  ice  and  provided  with 
holes  at  the  bottom,  through  which  the  water  formed  by  the 
melting  of  the  ice  may  escape.  In  order  to  learn  whether 
this  method  is  the  best  possible,  the  following  experiments 
were  made: — ^A  number  of  tin  pots,  about  7  inches  high  and 
4  inches  in  diameter,  were  obtained,  and  holes  made  in  the 
bottoms  of  two  or  three  of  them.  A  large  block  of  ice  was 
broken  up  into  small  fragments,  which  were  well  mixed  up, 
so  as  to  render  the  whole  perfectly  uniform  in  character. 
One  of  the  tin  pots,  which  we  will  call  A,  was  filled  with 
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some  of  ihis  ice,  which  had  been  washed  in  a  funnel  with 
ordinary  water ;  A  was  then  filled  np  with  water,  so  as  to 
form  a  mixture  in  which  the  ice  largely  predominated.  A 
second  tin,  B,  was  filled  with  some  more  of  the  ice,  which 
had  been  washed  with  ordinary  water  in  the  same  way;  B, 
however,  had  holes  at  the  bottom,  and  the  water  formed  by  the 
fusion  of  the  ice  thus  drained  away.  A  third  tin,  0,  contained 
some  of  the  same  ice,  which  had  been  washed  in  a  funnel  with 
distilled  water,  and  then  mixed  with  distilled  water  in  the 
same  way  as  in  A  the  ice  was  mixed  with  ordinary  water. 
In  a  fourth  tin,  D,  which  was  provided  with  holes,  some  ice 
was  placed  which  had  been  washed  with  distilled  water. 
Finally  a  quantiiy  of  distilled  water  was  artificially  frozen 
the  ice  broken  up  into  small  pieces,  washed,  and  mixed  with 
distilled  water  in  a  fifth  tin,  E.  A  thermometer  with  a  long 
narrow  bulb^  and  with  a  stem  divided  into  millimetres,  was 
carefully  inserted  into  each  tin  in  succession,  and  readings 
taken  with  a  cathetometer.  About  17  millim.  of  the  scale 
were  equivalent  to  one  degree  Centigrade.  In  A  the  readings 
soon  became  constant  at  P*00  ;  in  B  the  readings  varied  con- 
siderably for  about  half  an  hour,  but  finally  became  constant 
at  1**'12 ;  in  C  the  thermometer  became  rapidly  constant  at 
P*16  ;  in  D  the  readings  became  comitant  after  a  short  time 
at  V'06  ;  in  E  the  readings  did  not  vary  after  the  first  four 
or  five  minutes,  remaining  at  0^*64. 

At  the  end  of  these  observations,  which  occupied  nearly  two 
hours,  the  thermometer  was  replaced  in  A,  where  the  mercury 
rapidly  assumed  the  same  position  as  before,  viz.  1°*00.  Seeing 
that,  with  the  exception  of  E,  the  greatest  difierence  in  the 
readings  does  not  amount  to  0°"01  C,  we  may  fairly  draw  the 
following  conclusions: — First,  that  a  constant  temperature  is 
more  rapidly  and  certainly  obtained  with  a  mixture  of  ice  and 
water  than  with  ice  alone ;  secondly,  that  the  temperature 
thus  obtained  is  really  that  of  melting  ice  ;  thirdly,  that  it  is 
preferable  to  wash  and  mix  the  ice  with  distilled  water, 
ordinary  water  tending  to  lower  the  temperature,  though  to  an 
insignificant  extent. 

With  the  view  of  seeing  whether  different  varieties  of  ice 
gave  the  same  results,  two  specimens  of  block  ice  and  one  of 
the  rough  thin  ice  collected  in  winter  near  London  were 
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obtained,  while  two  cylinders  of  distilled-water  ice  were  arti- 
ficially produced.  These  were  all  broken  up  separately  into 
small  pieces,  washed  with  distilled  water,  and  then  mixed  with 
the  same  in  five  tins.  A,  B,  C,  D,  E.  The  thermometer  placed 
in  these  tins  marked  1°'30,  l°-34,  l°-26,  l°-30,  and  l°-27  re- 
spectively (these  numbers  are  not  comparable  with  the  former, 
as  the  experiments  were  made  a  month  or  so  later,  when  the 
zero  of  the  thermometer  had  altered  its  position).  These  ex- 
periments showed  that  distilled-water  ice  gave  the  same  results 
as  ordinary  ice,  and  that  the  melting-point  of  difierent  speci- 
mens of  ice,  when  mixed  with  distilled  water,  was  the  same 
within  0°*005  0.  The  exceptionally  low  reading  obtained  with 
the  tin  E  in  the  first  series  of  experiments  was  probably  due 
to  the  fact  that  the  ice,  having  been  made  by  means  of  a 
freezing-mixture,  was  not  at  its  maximum  temperature. 

In  subsequent  determinations  of  the  zero  of  thermometers 
I  have  always  used  ordinary  block  ice,  washed  and  mixed  with 
sufficient  distilled  water  just  to  fill  up  the  spaces  between  the 
pieces,  and  have  not  allowed  the  water  to  drain  away.  These 
results  are  in  accord  with  those  obtained  by  M.  Pemet. 

Zero-movementSy  and  Substitution  of  the  Determination  of  the 
Steamr-point  for  that  of  the  Zero^oint. 
In  considering  the  well-worn  question  of  the  zero-move- 
ments of  thermometers,  it  is  important  to  distinguish  between 
its  practical  and  theoretical  aspects.  To  make  a  study  of  zero- 
movements  from  an  abstract  point  of  view,  to  find  out  equa- 
tions expressing  these  movements  under  different  circum- 
stances and  with  different  thermometers,  to  learn  that  when  a 
certain  thermometer  has  been  subjected  to  a  certain  series  of 
temperatures  at  certain  intervals  of  time  its  indications  on 
next  changing  its  temperature  will  be  affected  with  a  certain 
index  error,  may  possibly  be  of  some  utility,  but  it  does  not  aid 
us  much  in  the  endeavour  to  free  the  readings  of  thermometers 
from  the  errors  with  which  they  are  surrounded.  When  once 
we  have  acquired  the  information  that  a  thermometer  sub- 
jected only  to  those  changes  of  temperature  which  are  due  to 
the  weather  exhibits  a  gradual  rise  of  zero,  that  the  rise  thus 
taking  place  in  a  given  time  diminishes  as  the  age  of  the  ther* 
mometer  increases,  but  differs  for  different  thermometers,  when 
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we  also  know  that  a  thermometer  subjected  to  a  high  tempe- 
rature after  a  considerable  period  of  rest  exhibits  a  decrease  in 
its  zero-reading,  dependent  on  the  thermometer  itself  and  also 
on  its  previous  history, — we  know  all,  or  nearly  all,  that  we 
can  put  to  practical  use. 

Thus,  for  example,  the  thermometer  attached  to  my  standard 
barometer  was  verified  at  Kew  Observatory  when  it  was  first 
supplied  to  me,  some  four  or  five  years  ago.  Since  then  I 
have  from  time  to  time  observed  its  reading  in  melting  ice, 
and  have  modified  accordingly  the  correction  to  be  applied  to  it. 
Now,  no  observations  of  other  thermometers — ^no  curves  or 
equations  representing  their  zero-movements — could  be  of  any 
assistance  to  me  in  this  matter.  I  knew  that  the  zero  would 
probably  rise,  and  that  the  amount  of  the  rise  would  not  be 
the  same  in  my  case  as  in  that  of  others,  and  that,  therefore 
I  must  obtain  the  index-error  experimentally.  I  also  knew, 
that  if  I  boiled  the  thermometer  I  should  cause  irregular 
changes  in  the  position  of  the  zero;  and  as  there  was  no 
necessity  for  the  operation,  I  avoided  boiling  it.  But  if  by 
mischance  it  had  fallen  in  boiling  water,  no  equations  repre- 
senting the  zero-movements  of  other  thermometers  would  have 
told  me  exactly  what  had  happened  to  mine  ;  I  should  simply 
have  been  obliged  to  observe  its  index-error  more  frequently 
than  before  the  accident  happened. 

The  question  which  seems  to  me  to  be  of  the  greatest  impor^ 
tance  with  regard  to  zero-movements  is,  how  we  can  best 
reduce  the  trouble  which  they  cause  us.  In  the  case  of  all 
meteorological  and  clinical  thermometers,  where  the  changes  of 
temperature  are  small,  as  in  the  above  case,  it  is  evident  that  all 
we  can  or  need  do  is  to  protect  the  instrument  from  unnecessary 
changes  of  temperature.  When,  on  the  contrary,  our  observa- 
tions extend  over  wide  ranges  of  temperature,  the  difficulties 
increase  considerably.  Suppose,  for  example,  that  I  want  to 
use  a  thermometer  to  indicate  accurately  a  series  of  tempe- 
ratures between  70**  and  90**.  It  is  obvious  that  if  I  observe  the 
index-error  beforehand,  and  apply  the  correction  thus  obtained 
to  my  readings,  I  shall  not  be  doing  right ;  for  the  very  heating 
of  the  thermometer  to  70°-90°  will  have  altered  the  index- 
error.  But  if,  on  the  other  hand,  I  first  heat  the  thermometer 
to  100**,  then  ascertain  its  index-error,  then  make  my  experi- 
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ments  with  it^  and  finally  observe  its  reading  in  ice  a  seecond 
time,  I  shall  be  tolerably  certain,  if  the  index-error  is  the  same 
at  the  end  as  at  the  beginning  of  the  experiment,  that  no 
variation  has  occurred  daring  the  observations. 

In  most  laboratories,  however,  the  frequent  determination  of 
the  zero-point  of  a  thermometer  involves  a  considerable  expen- 
diture of  labour :  ice  has  to  be  purchased,  broken  up  into  small 
pieces,  washed,  and  placed  in  a  suitable  vessel.  All  this 
requires  no  little  time,  and  has,  moreover,  to  be  repeated  at 
every  determination,  since  the  broken  ice  melts  away  in  the 
interval.  On  the  other  hand,  the  apparatus  for  the  observation 
of  the  steam-point  is  always  in  readiness ;  if,  therefore,  no 
greater  error  arises  when  the  index-error  is  determined  before 
and  after  the  experiments  by  means  of  the  steam-point,  a  great 
saving  of  time  will  be  effected,  without  any  corresponding  loss 
of  accuracy. 

When  the  temperatures  to  which  the  thermometer  is  to  be 
exposed  are  greater  than  100°,  the  instrument  should  be  heated 
for  some  time  to  the  highest  probable  temperature  before  the 
steam-point  is  observed  for  the  first  time.  In  this  way  the 
lowering  of  the  zero  which  takes  place  when  a  thermometer  is 
heated  from  100°  to  some  higher  temperature,  to  which  it  has 
not  been  exposed  for  some  time  previously,  is  effected  first  of 
all,  and  does  not  take  place  during  the  experiments,  as  it 
otherwise  would. 

The  only  objection  which  can  be  raised  to  this  method  is 
that,  when  some  at  least  of  the  temperatures  to  be  measured 
are  below  100^^  it  is  possible  that  the  steam-point,  which  is 
lowered  by  the  first  heating  in  steam,  rises  again  during  the 
experiments  (that  is,  when  the  thermometer  is  at  a  lower 
temperature),  and  then,  by  the  second  heating  in  steam,  is 
again  brought  to  the  same  position  as  at  first.  In  this  way 
the  observations  in  steam,  although  concordant,  would  not 
give  the  true  index-correction  to  be  applied  to  ihe  readings. 
That  the  error  which  thus  arises  is  of  no  importance  is,  I 
think,  rendered  probable  by  the  following  considerations : — 
The  gradual  rise  of  the  zero  of  a  thermometer  receives  its 
most  natural  explanation  when  it  is  supposed  that  the  glass 
bulb,  after  having  been  heated  and  somewhat  quickly  cooled, 
is  in  a  state  of  strain  which  causes  it  to  have  a  larger  capacity 
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than  it  would  have  if  no  such  strain  existed.  As  time  goes 
on,  and  more  especially  as  the  thermometer  is  subjected  to 
small  fluctuations  of  temperature^  the  particles  of  the  glass 
gradually  yield  to  the  forces  which  are  acting  upon  them,  and 
take  up  new  and  more  suitable  positions.  These  molecular 
movements  result  in  a  gradual  diminution  of  the  capacity  of 
the  bulb,  and  consequently  in  a  rise  of  the  zero.  Now  it  is 
evident  that,  if  a  certain  state  of  strain  is  set  up  when  a  ther- 
mometer is  cooled  from  100°  to  0*^,  when  it  is  cooled  from  100^ 
to  some  intermediate  temperature  t  the  strain  set  up  will  be 
less  considerable ;  there  will  therefore  be  a  greater  tendency 
for  the  zero  to  rise  when  the  thermometer  is  placed  in  melting 
ice  than  when  it  is  subjected  to  the  temperature  t.  Conse- 
quently, if  it  be  found  that,  when  a  thermometer  after  being 
heated  in  steam  is  placed  in  ice,  no  change  of  the  zero  takes 
place  for  three  or  four  hours  afterwards,  we  may  legitimately 
conclude  that,  if  the  thermometer  were  maintained  for  the 
same  time  at  the  temperature  t^  no  movement  of  the  zero  would 
occur.  I  have  frequently  kept  recently-heated  thermometers 
in  melting  ice  for  several  hours,  renewing  the  ice  when^eces- 
sary;  and  I  have  always  observed,  with  aJl  of  my  instruments, 
that  no  change  took  place  for  the  first  three  hours,  and  that 
during  the  next  two  or  three  hours  the  rise  was  extremely 
small.  It  follows,  therefore,  that  if  in  any  series  of  observa- 
tions lasting  more  than  three  hours  the  thermometer  be  heated 
in  steam  at  the  end  of  every  third  hour,  there  will  be  no  un- 
certainty as  to  the  position  of  the  zero;  that  if  the  experiments 
be  carried  on  continuously  for  six  hours,  a  slight  rise  of  the 
zero  may  occur  during  the  last  part  of  the  time,  but  that  this 
rise  will  not  amount  to  more  than  one  or  two  hundredths  of  a 
degree. 

Correction  for  the  Exposed  Portion  of  the  Thread. 
When  a  thermometer  is  only  partially  immersed  in  the 
medium  of  which  the  temperature  is  to  be  observed,  the 
readings  become  subject  to  an  error  which  arises  from  the 
fact  that  a  part  of  the  thread  of  mercury,  together  with  the 
corresponding  portion  of  the  stem,  are  at  a  temperature 
different  from  that  of  the  bulb  and  immersed  portion  of  the 
stem.     The  correction,  C,  usually  applied  in  this  case  is  given 


Digiti 


zed  by  Google 


126  MR.  F.  D.  BBOWM's  NOTES  ON  THSRMOMETBT. 

by  the  formula 

C=m(T-ON, (1) 

where  T=the  readiDg  of  the  thermometer, 

^=the  temperature  of  the  exposed  portion, 
N=the  number  of  exposed  divisions  of  the  stem  which 

are  filled  with  mercury, 
»i=the  apparent  expansion  of  mercury  in  glass. 
This  formula  is  founded  on  the  assumption  that  the  error  in 
the  reading  has  no  other  cause  than  the  comparatively  unex- 
panded  condition  of  a  portion  of  the  thread  and  stem. 

The  apparent  expansion  of  mercury  in  glass,  as  obtained 
from  Regnault's  experiments,  is  about  "0001545;  but  it  differs, 
of  course,  for  different  specimens  of  glass.  When  this  number 
is  employed  in  the  above  formula,  the  values  of  C  obtained  are 
generally  believed  to  be  too  large ;  indeed  a  little  reflection 
will  convince  us  that  this  must  be  the  case  whenever  the  tem- 
perature of  the  exposed  portion  is  merely  measured  by  placing 
another  thermometer  with  its  bulb  halfway  up  it.  This  second 
thermometer  evidently  measures  the  temperature  of  the 
ascending  stream  of  warm  air  around  the  stem  ;  if  the  stem 
of  the  chief  thermometer  were  subjected  to  the  heating 
influence  of  this  stream,  and  to  no  other,  ite  temperature 
would  be  rightly  given  by  the  subsidiary  thermometer ;  but 
the  thermal  conduction  along  the  thread  of  mercury  and  along 
the  glass  stem  must  necessarily  raise  the  lower  part  of  the 
exposed  stem  to  a  temperature  higher  than  that  indicated  by 
the  subsidiary  thermometer.  The  value  of  (T— ^)  therefore  is 
too  great,  and  consequently  also  that  of  C. 

In  order  to  meet  this  difficulty.  Dr.  Mills,  instead  of  endea- 
vouring to  give  to  (T— <)  its  proper  value,  has  made  a  large 
number  of  experiments  with  different  thermometers  with  a 
view  to  assign  a  more  satisfactory  value  to  m,  and  has  thus 
been  led  to  draw  the  following  conclusions: — ^The  value 
•0001545  of  the  coefficient  m  is  invariably  too  great.  This 
coefficient  varies  with  the  thermometer  employed,  and  also 
with  the  number  of  divisions  of  the  thread  exposed ;  so  that, 
instead  of  assigning  one  deflnite  value  to  m  for  each  thermo- 
meter, we  must  give  it  a  value 

ms=a  +  /8N, 
where  a  and  /8  must  be  determined  for  each  thermometer. 
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Professors  Thorpe  and  Biicker^  on  the  other  hand^  while 
admitting  that  the  value  m=*0001545  may  be  generally  too 
large^  maintain  that  it  is  sufficient  to  replace  it  by  some  other 
single  number^  and  that  the  employment  of  the  yarying  coeffi- 
cients a+/8N  is  unnecessary;  they  support  this  opinion  by 
showing  that  in  Dr.  Mills^s  own  experiments  the  alterations  in 
the  value  of  G^  caused  by  the  introduction  of  the  term  |3N^  do 
not  amount  to  more  than  one  or  two  hundredths  of  a  degree^ 
and  are  therefore  insignificant*  Dr.  Mills,  replying  to  this, 
states  that  the  change  in  the  correction  C  brought  about  by 
the  term  |3N  often  amounts  to  so  many  hundredths  of  a  degree 
that  it  cannot  be  neglected. 

Now  it  is  clear  that  by  merely  placing  a  second  thermometer 
halfway  up  the  exposed  thread,  only  the  roughest  idea  is  ob- 
tained of  the  real  temperature  of  the  thread.  Suppose,  for 
example,  that  TslOO^^  and  that  t  is  taken  at  15^,  being  sub- 
ject to  an  error  of  5*^ :  the  value  of  (T— ^),  which  is  85,  will 
be  subject  to  an  error  of  5°,  or  about  6  per  cent.  What, 
therefore,  can  be  the  use  of  attempting  to  determine  the  coeffi- 
cient |3,  of  which  the  value  would  appear  ordinarily  to  be  about 
0*0000002,  when  so  great  a  source  of  error  is  left  unprovided 
for? 

In  all  experiments  in  which  I  have  had  occasion  to  use 
mercurial  thermometers,  I  have  endeavoured  to  avoid  any  cor- 
rection for  the  exposed  thread,  by  making  the  apparatus  and 
thermometers  employed  of  such  relative  dimensions  that  the 
whole  thread  and  bulb,  except  the  topmost  division,  are  at  the 
same  temperature.  When  this  is  impossible,  and  when  the 
experiments  require  such  extreme  accuracy,  it  seems  to  me  that 
the  first  thing  to  be  done  is  to  surround  the  exposed  portion  of 
the  thread  with  a  current  of  running  water,  and  so,  while  pre- 
serving it  from  the  uncertain  efibcts  of  conduction,  radiation, 
&c.,  to  render  possible  the  observation  of  its  exact  temperature. 
The  value  of  (T— i)  being  thus  correctly  measured,  that  of  m 
is  found  to  be  constant  for  all  values  of  N,  and  to  differ  but 
little  from  0*001545.  It  varies,  however,  with  different  ther- 
mometers. 

The  following  experiments  show  most  distinctly  the  truth 
of  this  statement: — 

One  of  the  standard  thermometers  mentioned  in  the  first 
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section  of  this  commanioation  was  partially  snrronnddd  by  a 
glass  tube,  a  b  (fig.  2)^  about  an  inch  in  diameter;  this  tube  was 
closed  at  the  bottom  with  a  piece  of  good  cork^  about  8  millim. 
thick,  through  which  the  stem  of  the  thermometer  passed.  The 
upper  end  of  the  tube  a  b  was  fitted  with  a  cork^  in  which  were 
four  holes— -one  for  the  stem  of  the  chief  thermometer,  a  second 
for  a  thermometer  to  indicate  the  temperature  of  the  water 
contained  in  the  tube,  while  through  the  two  others  passed  the 
tubes  by  means  of  which  the  current  of  water  was  maintained. 
The  thermometer  thus  furnished  was  fixed  yertically  in  the 
ordinary  apparatus,  A,  for  determining  the  100°-point  of 
thermometers.  The  open  end  of  A  was  closed  with  a  thin 
disk  of  brass,  with  a  small  central  hole,  through  which  the 
thermometer  passed.  One  degree  was  equal  to  about  four 
divisions  of  the  millimetre-scale  of  the  thermometer,  the 
readings  of  which  were  observed  with  a  cathetometer,  and  the 
fractions  of  a  division  measured  with  that  instrument.  It  was 
found  that  the  readings  of  the  thermometer  under  these  con- 
ditions were  correct  to  '02  of  a  millimetre,  or  -005  of  a  degree. 
The  numbers  given  below  are  the  means  of  three  readings, 
which,  however,  were  nearly  always  identical.  The  thermo- 
meter in  the  water  was  graduated  to  fifths  of  a  degree,  and  had 
been  compared  with  the  standard. 

The  chief  thermometer  was  first  heated  in  the  steam  for  an 
hour,  with  two  or  three  inches  of  the  thread  above  the  cork ; 
it  was  then  pushed  down  until  the  quicksilver  was  only  just 
visible  above  the  cork,  and  the  reading  noted ;  it  was  then 
pulled  up  again,  and  readings  taken  in  various  positions,  as 
given  in  the  following  table ;  finally  the  thermometer  was 
again  pushed  down  as  far  as  possible,  and  the  reading  taken, 
when  it  was  found  to  be  the  same  as  before,  showing  that  no 
change  in  the  100°-point  had  supervened  during  the  experi- 
ment. Of  several  series  of  observations  made  in  this  manner, 
the  one  contained  in  the  following  table  will  suffice,  since 
they  all  led  to  precisely  the  same  result. 
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RwidiTig  of  Standard  when  wholly  immersed  =393*42. 

{Barometric  pieflBOie^  corrected  and  reduced,  =760*1. 
Correeponding  temperaiore  of  steam  =  100^*00. 


Kmober  of 
diviaoiis  flor- 

rounded  bj 

odld  water 
andoocapied 

bjmerciuy. 

Temperature 
of  water. 

Beading  of 

Standard, 

T. 

Value  of  0 
=393-42-T. 

Talueofin, 
0 

317 
277-6 
221 
173 
130 
79 

130 
12-3 
1^ 
121 
12^1 
12-1 

38901 
389-54 
390-30 
39094 
391-58 
392-30 

4-41 
3-88 
312 
2-48 
1-84 
112 

•0001599 
■0001594 
•0001604 
•0001631 
•0001610 
•0001612 

An  inspection  of  the  aboye  table  is  sufficient  to  convince  us 
that  the  yalue  of  m  is  constant^  and  equal  to  the  apparent  ex* 
pansion  of  mercuiy  in  the  glass  of  which  the  thermometer  was 
made ;  the  numbers  would  probabl  j  have  agreed  even  more 
doeely,  were  it  not  that  it  is  impossible  to  arrange  the  appa- 
ratus so  that  the  cold  portion  of  the  thermometer-stem  follows 
directly  upon  the  hot  portion.  There  must  always  be  an 
interval  occupied  by  the  cork,  the  temperature  of  which 
is  uncertain.  It  should  be  remarked  that  there  is  no  indication 
whatever  of  the  value  of  m  increasing  when  that  of  N  increases. 

Precisely  the  same  results  were  obtained  with  the  second 
standard  thermometer^  as  is  shown  by  the  following  table: — 

Reading  of  Standard  BS^  when  wholly  immersed,  =  419-21. 

{Baitnneiric  pressure,  corrected  and  reduced,  s=  760*5. 
Corresponding  temperature  of  steam  =100^*02. 


Kombvof 
^^inona  sor- 

lamidedbgr 

eold  water 
aon  oecupied 

t^mereoiy. 

TbrnperataTO 
of  water. 

Beading  of 

StaadudBS, 

-T. 

Value  of  0, 
=419^1-T. 

Value  of  «, 
C 

-(T-ON- 

902 
237 
174 
127 

i5o 

11-9 
120 
120 

416-13 
416M 
416^ 
417-47 

4-08 
3*26 
2-37 
1-74 

•0001535 
0001566 
-0001548 
■0001557 

Here,  again,  the  value  of  m  varies  only  within  the  limits  of 
the  error  of  observation,  and  shows  no  tendency  to  increase 
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when  N  increases.  It  may  be  noted  that  with  both  the  above 
thermometers  the  mean  value  of  m  is  greater  than  '0001545, 
the  value  usually  assigned  to  it,  but  that  it  differs  from  that 
number  by  so  little  that  the  error  committed  by  substituting 
the  one  for  the  other  in  the  calculation  of  the  correction  C  will 
rarely  amount  to  more  than  0°'02  0- 

The  above  experiments  were  made  at  100°,  because  this  is 
the  only  temperature  which  can  be  maintained  absolutely 
constant  for  an  hour  without  the  use  of  a  quantity  of  compli- 
cated apparatus  ;  and  it  is  evident  that  the  slightest  variation 
in  the  temperature  would  entirely  spoil  the  series  of  observa- 
tions. At  higher  temperatures  the  sources  of  error  which 
beset  the  readings  of  thermometers  increase  so  rapidly  that 
the  exact  value  of  the  coefficient  m  becomes  of  less  and  less 
importance  as  the  temperature  rises,  notwithstanding  the 
fact  that  the  correction  G  increases  in  amount.  Since  there 
is  no  reason  whatever  to  suppose  that  any  different  results 
would  be  obtained  at  such  higher  temperatures,  I  thought 
it  unnecessary  to  make  any  further  experiments,  more  espe- 
cially as  those  given  above  yielded  precisely  those  numbers 
which  the  ordinary  laws  of  expansion  predicted. 

There  is  another  point  connected  with  thermometry,  to 
which  I  devoted  attention  some  years  ago.  It  has  been 
suggested  that  when  a  thermometer  is  placed  in  a  vapour  at 
maximum  tension,  as  in  the  ordinary  chemical  process  of  dis- 
tillation, it  does  not  truly  indicate  the  temperature  of  the 
vapour.  This  suggestion  owes  its  origin  to  the  fact  that  drops 
are  seen  to  accumulate  and  drop  off  the  end  of  the  thermometer. 
It  has  been  supposed  that  this  condensation  of  the  vapour  on  a 
surface  which  should  be  as  hot  itself,  is  due  to  the  molecular 
attraction  of  the  glass  for  the  vapour.  If  this  be  the  case,  the 
heat  evolved  by  the  vapour  during  liquefaction  on  the  thermo- 
meter-bulb would  raise  the  temperature  of  the  latter.  The 
thermometer  would  thus  indicate  a  higher  temperature  than 
that  of  the  mass  of  the  vapour.  The  experiments  which  I 
made  upon  thb  subject,  like  those  instituted  by  others,  were 
inconclusive.  I  possess,  however,  an  apparatus  which  seems 
to  me  eminently  suited  to  answer  the  question  satisfactorily. 
It  is  at  present  being  employed  for  other  purposes ;  but 
I  trust  that,  when  it  is  at  liberty,  I  shall  be  able  to  put  it  to 
this  not  unimportant  use. 
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XV.  On  the  Determination  of  Chemical  Afiniiy  in  terms  of 
Electromotive  Force, — Part  VI.  By  C.  R.  Alder  Wright, 
D.Sc.  (Lond.)y  F,R.S.y  Lecturer  on  Chemistry  and  Physics 
in  St,  Mary*s  Hospital  Medical  Scliool*, 

On  the  Relations  between  the  Electromotive  Forces  of  various 
kinds  of  Cells  analogous  to  DanieWs  Cell  bui  differing  there-- 
from  in  the  nature  of  the  Metals  used,  and  tlie  Chemical  Ajffi- 
nities  involved  in  the  Action  of  these  Cells. 

I.  Cells  containing  Cadmium  as  one  of  the  Metals,  the  Salts  used 

being  Sulphates, 
118.  The  experiments  described  in  Part  V.  (§§  106-109) 
were  repeated,  nsing,  instead  of  normal  Daniell  cells,  ana- 
logous arrangements  containing  plates  of  cadmium,  opposed 
in  some  instances  to  copper,  in  others  to  zinc,  solntions 
of  the  respective  sulphates  being  employed  to  surround  the 
various  plates  used.  With  each  of  tiiiese  two  classes  of 
cells  (cadmium-copper  and  zinc-cadmium  cells)  the  same 
result  was  obtained  as  that  already  recorded  in  the  case  of 
Daniell  cells  containing  zinc-  and  copper-sulphate  solutions — 
viz.  that  so  long  as  the  two  solutions  are  of  the  same  strengthf 
the  actual  state  of  concentration  of  the  fluids  does  not 
exert  any  appreciable  influence  on  the  E.M.F.  generated  with 
given  plate-surfaces ;  at  least  the  influence  exerted  is  consi- 
derably less  than  the  errors  of  observation  and  the  variations 

•  Bead  Juoe  24, 1882. 

t  It  is  convenient  to  define  solutions  **  of  the  same  strength  "  not  as 
solutions  of  the  kind  usually  spoken  of  by  chemists  as  **  equivalent "  to 
one  another,  t.  e.  containing  in  a  given  volume  quantities  of  dissolved 
matter  in  the  ratio  of  the  chemical  equivalents  of  the  substances  dissolved 
(«.  g,  160*5, 161,  and  208  parts  of  anhydrous  copper,  zinc,  aod  cadmium 
sulphate  respectively),  but  as  solutions  in  which  the  dissolved  matter  and 
the  water  present  are  in  the  same  molecular  ratio,  i.  e.  which  are  expressible 
by  parallel  formulie,  such  as  CuSO^  SOH,  O,  ZnSO«50H3O,  and 
CdS04  50  H,  O.  Witii  weak  solutions  the  two  definitions  are  practically 
the  same — ^but  not  so  with  more  concentrated  fluids,  especially  when  the 
molecular  weights  of  the  dissolved  matters  are  considerably  different  (like 
CUSO4  and  CdS04).  Solutions  of  zinc  and  copper  sulphate  of  the  same 
molecular  strength  are  practically  identical  in  specific  gravity ;  but  a  solu- 
tion of  cadmium  sulphate  is  considerably  more  dense  than  one  of  either 
zinc  or  copper  sulphate  of  the  same  molecular  strengtli.  Thus  solutions 
of  the  strengths  ZnSO^  6011,0,  CUSO4  60H,O,CdSO4  60HaO  have  at 
18°  specific  gravities  respectively  close  to  1*170, 1*167,  and  1*208;  with 
stronger  solutions  the  excess  of  density  of  the  cadmium  solution  is  still 
more  apparent. 
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dne  to  unavoidable  variations  in  the  nature  of  the  plate-snr- 
faces,  and  does  not  amotint  to  as  much  as  ±  '0015  volt  even 
when  tolerably  concentrated  solutions  of  strength  MSO4 
5OH2O  are  compared  with  similar  solutions  of  only  one 
twenty-fifth  the  strength,  MSO4 1250  H,  0. 

On  varying  the  nature  of  the  surface  of  the  cadmium  plate 
(by  employing  bright  cast  metal,  electro-deposited  cadmium, 
or  amalgamated  cadmium),  it  was  found  that  whatever  result 
was  produced  in  the  cadmium-copper  cells  by  a  given  altera- 
tion of  the  cadmium  plate,  every  thing  else  remaining  unal- 
tered, precisely  the  sanie  numerical  remit ^  hut  with  the  opposite 
siguy  was  produced  in  the  zinc-cadmium  cells  by  that  alteration, 
llius,  substituting  electro-cadmium  for  bright  cadmium  plates 
in  the  cadmium-copper  cells  caused  an  increase  in  the  E.M.F. 
varying  from  '002  to  '006  volt  in  numerous  experiments,  and 
averaging  *004  volt ;  whilst  with  the  zinc-cadmium  cells  the 
same  substitution  caused  a  decrease  in  the  E.M.F.  varying  be- 
tween almost  the  same  limits,  '002  and  *007  volt,  and  averaging 
almost  the  same  value  as  before,  viz.  '0045  volt.  Similarly, 
on  substituting  amalgamated  cadmium  plates  for  bright  cad- 
mium in  the  cadmium-copper  cells,  the  average  effect  was  a 
decrease  of  '0415  volt  when  the  mercurial  amalgam  was  fluid, 
and  of  *015  volt  when  it  had  become  solid  and  crystalline  on 
standing  ;  whilst  with  the  zinc-cadmium  cells,  substitution  for 
bright  cadmium  of  amalgamated  metal  caused  on  an  average 
an  increase  in  E.M.F.  of  '043  volt  when  the  amalgam  was  fluid, 
and  of  '016  volt  when  it  had  become  solid  and  crystalline. 

Cells  containing  Cadmium  opposed  to  Copper, 
119.  On  comparing  together  a  number  of  similar  pairs  of 
cells  containing  in  the  one  case  electro-copper  and  in  the  other 
amalgamated  copper,  it  was  found  that  the  average  difference 
was  sensibly  the  same  as  that  observed  when  the  same  two 
kinds  of  copper  plates  were  opposed  to  zinc  (§  107),  viz.  that, 
coBteris  paribus,  the  cell  containing  amalgamated  copper  read 
on  an  average  '001  volt  lower  than  the  one  containing  freshly 
deposited  electro-copper:  the  actually  observed  differences 
ranged  from  +-003  to  —'003  volt,  but  were  more  usually 
negative. 

As  just  stated,  when  the  cadmium  plate  was  amalgamated  a 
decrease  in  E.M.F.  was  brought  about,  averaging  '0415  volt 
when  the  amalgam  on  the  surface  of  the  plate  was  fresh  and 
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perfectly  flaid^  and  '015  when  perfectly  solid  and  crystalline. 
Intermediate  numbers  were  given  by  plates  on  the  surface  of 
which  crystallization  of  the  amalgam  had  begun  but  was  not 
complete^  the  gradation  being  regular  as  the  crystallization 
progressed. 

The  following  table  gives  the  average  result^  in  volts*,  of 

upwards  of  forty  series  of  observations  and  comparisons,  mostly 

extending  over  three  to  four  hours,  during  which  time  the 

readings  of  each  particular  cell  remained  sensibly  constant: — 

Variation  in  E.M.F.  due  to  the  use  of  cadmium 

and  copper  sulphate  solutions  of  different 

strengths^   both   solutions  being   of   equal 

molecular    strengths    in    any    given    case 

(strengths  varying  from  MSO4  47HjO,  to 

MSO4  1250H,O)t 


Less  than 
±•0015. 


MaTi- 
mum. 

Mini, 
mum. 

Range. 

Ave- 
rage. 

E&ct  of  flubrtitutiug  for  electro-oopper  :— 
Amalgamated  copper  (surfiEboe  wet  withl 
liquid  mercury) j 

Bffect  of  Bubetitnting  for  bright  cadmium :— 

+•008 

+O06 
-•060 

-•020 

-•008 

+•002 
-•033 

-•006 

•006 

•004 
•017 

•016 

-•001 

+•004 
-•0415 

-•016 

Amalgamated  cadmium  (surface  wet  with  1 
liouid  mercurv  ................ t....... ...... 

Amalgamated  cadmium  (eolid  and  orys-l 
talUne)    

■CUUUV/           *..... ...* •«     J 

EieotromoUye  force  of  combixiations  :— 

Sleotro-oopper — Electro-cndmium 

•756 
•763 

•717 
•740 

•760 
•746 

•701 
•727 

■006 
•008 

•016 
•013 

•7525 

•7486 

•707 
7336 

.,        ,.         Briirht  cadmium 

„       „         Amalgamated  cadmium  1 
(liquid  amalgam) 

„        „         Amalgamated  cadmium 
(solid  amalgam) 

•764 
•752 

•716 
•737 

•749 
•744 

•701 
•727 

•005 
•008 

•014 
•010 

•7615 
•7476 

•706 
•7325 

,,          Brifirht  cadmium    

„            M          Amalgamated  cadmium  1 
(liquid  amalgam)    .,.  t 

,1           „         Amalgamated  cadmium  1 
(solid  amalgam) j 

*  All  the  oliBeryations  ^ven  in  this  paper  are  reduced  to  the  same 
standard  as  that  employed  in  Fart  Y. — nz.  the  average  reading  at  16^^5 
of  a  number  of  Clark's  cells  taken  as  1^467  volt,  the  particular  (Clark's 
cells  used  beine  the  same  throughout. 

t  The  specific  gravities  at  about  19^  of  these  fluids  are  close  to  the 
foUowing: — 

BfSO^  47H,0  when  M  is  cadmium :  spec.  grav.  s  1*217. 

do.  when  M  is  copper :  spec  grav.      s  1*176 ;  solution 

MSO4  1260H,  0 :  in  each  case  below  1-01.        °®"^^  saturated. 
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When  cells  containing  bright  or  electro-cadmium  and  elec- 
tro-copper plates  were  allowed  to  stand  for  twelve  hoars  or 
longer  periods,  a  slight  alteration  in  the  E.M.F.,  dne  to  for- 
mation of  films  of  oxide  on  the  surfaces  of  the  plates,  was 
nsually  noticeable.  As  with  the  normal  Daniells  (§  108),  the 
effect  of  the  oxidation  of  the  copper  plate  was  to  reduce  the 
E.M.F.  by  a  few  thousandths  of  a  volt;  on  the  other  hand,  the 
formation  of  a  film  of  oxide  on  the  surface  of  the  cadmium 
plate  produced  an  increase  in  the  E.M.F.  of  from  '001  to  'OO* 
volt ;  so  that  in  many  cases  the  cell  with  partially  oxidized 
plates  gave  sensibly  the  same  value  85  a  newly  set^-up  cell,  the 
diminishing  effect  of  the  oxidation  of  the  copper  being  just 
about  counterbalanced  by  the  increasing  effect  due  to  the  oxi- 
dation of  the  cadmium.  In  this  respect  cadmium  behaves  in 
the  opposite  way  to  zinc  (§  108). 

Relations  between  the  E.M.F.  of  Cadmium-Copper  Cells  and 
that  corresponding  to  the  net  Chemical  Action  taking  place 
therein. 

120.  According  to  Julius  Thomson's  determinations  (Joum. 
prah  Chem.  ii.  p.  233,  and  xi.  p.  271),  the  heat  of  displace- 
ment of  copper  from  coppernsulphate  solution  (CuSO4,400H2O) 
by  cadmium  is  as  follows,  in  gramme-degrees  per  gramme- 
molecule: — 

Cd,0,S03aq.     .     .     .     89,500 

Cu,0,S03aq.     .     .     .     55,960 

Difference  =  33,540 

the  difference  corresponding  to  16,770  gramme-degrees  per 
gramme  equivalent,  or  '740  volt*.  As  with  normal  Daniell 
cells  (§  114),  a  small  quantity  (a)  is  to  be  added  to  this,  repre- 
senting a  variable  correction  dependent  on  the  physical  con- 
dition of  the  deposited  copper.  Evidently  the  average  values 
above  cited  ('7475  to  '7525),  obtained  with  bright  and  electro- 
cadmium,  are  sensibly  the  same  as  the  value  *740+^,  thus 
deduced  as  representing  the  net  chemical  action  taking  place 
in  the  cell;  i.  e,,  as  with  zinc-copper  cells,  the  whole  of  the 

*  The  -value  4410,  used  in  the  former  parts  of  these  researches  for  the 
factor  for  converting  gramme-degrees  into  C.G.S.  units,  is  employed 
throughout  the  present  paper  \  vide  §  108,  footnote. 
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energy  deyeloped  in  the  cell  is  adjnvant  under  the  oonditions 
obtaining  in  the  above  experiments. 

In  order  to  compare  the  resnlts  obtained  with  the  amalga- 
mated-cadmiam  oells  with  Jolios  Thomson's  fignres,  the  heat 
of  solution  of  cadminm  (precipitated  from  the  sulphate  by- 
zinc,  crystalline)  in  twenty-five  times  its  weight  of  mercury 
was  determined  by  means  of  the  calorimeter,  20  grams  of 
cadmium  and  500  of  pure  mercury  being  employed  for  each 
experiment.  To  insure  solution  it  was  found  necessary  to  wash 
the  cadmium  with  dilute  sulphuric  acid  just  before  use ;  other- 
wise portions  remained  unwetted  and  undissolved  by  the  mer- 
cury. The  final  result  arrived  at  as  the  average  of  several 
concordant  observations  was,  that  an  evolution  of  heat  to  the 
extent  of  610  gramme-degrees  per  gramme-molecule  (112 
grammes)  of  cadmium  took  place  during  solution.  Hence, 
were  cadmium  sulphate  formed  from  mercurial  solution  of 
metal  instead  of  crystalline  precipitated  metal,  the  heat  of  for- 
mation expressed  as  Cd,0,  SOsaq.  would  be  89,500^  610  =s 
88,890  (admitting  that  Thomson's  value  89,500  applies,  with- 
out correction,  to  the  metal  in  the  crystalline  condition  of  that 
experimented  with).  Consequently  the  heat  of  displacement  of 
copper  by  cadmium  from  the  sulphate  is  32,930  per  gramme- 
molecule,  or  16,465  per  gramme-equivalent,  corresponding  to 
•726  volt.  The  observed  values  varied  between  '701  and  '717, 
averaging  '707  with  electro-copper  and  '706  with  amalgamated 
copper — ^again  not  difiering  from  the  value  deduced  from  the 
thermal  data  by  an  amount  materially  outside  the  limits  of 
experimental  errors,  especially  those  due  to  variation  in  the 
heat  of  formation  of  salts  according  as  the  physical  state  of 
the  metal  employed  varies. 

It  is,  however,  to  be  noticed  that  the  above  heat  of  solution  of 
crystalline  cadmium  in  mercury  only  corresponds  to  an  E.M.F. 
of  '0135  volt ;  whilst  the  average  difference  in  E.M.F.  caused 
by  the  substitution  of  fluid  amalgamated  cadmium  for  crystal- 
line electro-metal  was  '7525 — '707  =  -0455  volt,  a  considerably 
greater  amount ;  so  that  amalgamating  the  crystalline  metal 
appears  to  produce  a  greater  effect  on  the  E.M.F.  than  corre- 
sponds to  the  heat  of  solution.  Just  the  same  result  is  pro- 
duced when  cadmium  and  zinc  are  opposed  (§  121);  on  the 
other  hand,  the  effect  on  the  E.M.F.  of  amalgamating  silver 
VOL.  V.  u 
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is  sensibly  iihe  same  as  that  corresponding  to  the  heat  of  solu- 
tion of  silver  in  mercury  (§  129).  Probably  the  diflFerence 
in  the  cases  of  silver  and  cadmimn  is  due  to  ^e  oxidizabiliiy 
of  the  latter  by  dissolved  air^  thus  rendering  the  outer  surface 
of  the  ciystalline  masses  somewhat  different  from  the  interior. 

Cells  containing  Cadmium  opposed  to  Zine. 
121.  The  following  table  exhibits  in  brief  the  results  of 
upwards  of  thirty  series  of  observations,  mostly  lasting  over 
several  hours,  during  which  period  the  E.M.F.  developed  by 
any  given  cell  remained  sensibly  steady : — 

Variation  in  E.M.F.  due  to  the  use  of  cad-"' 

mium  and  zinc  sulphate  solutions  of  different    t^  ^^^^ 
strengths,  both  solutions  being  of  equal  mole-  ^    ^  -0015 
cular  strengths  in  any  given  case  (strwigths  (    ""u 
varying    from     MSO^SOHjO    to     MSO4      ^^^^ 
1260H,O) ^ 


Mini- 
mum. 

Bange. 

Are- 
rage. 

Effect  of  subetituting  for  bright  ^^iwiwm  :— 
Fredi  rfeotro-xnetal   .  ^...«t^.. ........ ........ 

-•002 
+062 
+•024 

—007 
+•086 
+•009 

•006 
•016 
•016 

-•0046 

+•044 

+0166 

„             „             (Bolid,  eryBtallinfi) 

EleetromotiTe  force  of  oombmatioiis:— 

iLmalgamated  sino— Bright  cadmium 

„           ft           Electro-cadmium  ... 

„           „           Ama1gamat.<Mi  cad- 1 

mium  (liquid)...  J 

M           ,f           Amalgamated  cad- 1 

mium  (Bolid)  ...  j 

•367 
•862 

•414 

•361 
•358 

•401 

•006 
•004 

013 

•364 
•360 

•4076 

•388 

•378 

016 

•3805 

These  figures  accord  closely  with  the  results  dedacible  from 

Jnlias  Thomsen's  thermochemical  data,  together  with  the 

heat  of  eolation  of  cadminm  in  mercoiy  above  qaoted  (§  120); 

thns: — 

Free  metallic  cadmimn.  Oadmiam  dissolved 

inmeicnry. 


Zn,0,SO,aq. 
Cd,0,SOjaq. 


=106090 
=  89500 


Difference    . 


16590 


Difference  per  gramme-  >        agar 

equivalent  ...       J 
Correspondbg  with  volt  *365 


106090 
88890 

17200 

8600 
•379 
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The  observed  electromotiye  forces*  thas  do  not  differ  from 
those  corresponding  with  the  thermal  yalnes  by  amomits  ma- 
teriallj  ontside  the  experimental  errors.  As  with  the  copper- 
cadmiom  cells,  however,  the  observed  difference  in  E.M.F. 
between  electro-cadmium  (crystalline)  and  amalgamated  cad- 
mium (liquid)  is  notably  greater  than  that  corresponding  with 
the  heat  of  solution  of  precipitated  crystalline  cadmium  in 
meroary^  being  -407— '3595  s -0475  as  compared  with  *0135 
voli 

VoUa^s  Law  of  Summation  of  Electromotive  Forces. 

122.  The  foregoing  experiments  clearly  show  that,  as  far  as 
cells  containing  zinC|  cadmium,  and  copper  plates  are  concerned, 
Yolta's  law  of  summation  holds,  at  any  rate  when  the  plates 
are  immersed  in  solutions  of  their  respective  sulphates,  the 
solutions  being  of  equal  molecular  strength  ;  that  is,  the  sum 
of  the  electromotive  forces  generated  with  a  given  pair  of  zinc 
and  cadmium  plates,  and  with  that  same  cadmium  plate  and  a 
given  copper  plate,  is  equal  to  the  E.M.F.  generated  with  the 
given  zinc  and  copper  plates;  or,  otherwise, 

/Zn      .      /Cd  /Zn 

tCd     +     tOu    =     tOu 

where  the  symbol  <  p^  represents  the  E.M.F.  generated  with 

a  given  kind  of  zinc  plate  opposed  to  a  given  kind  of  cadmium 
plate,  each  plate  being  immersed  in  a  solution  of  its  sulphate 
of  constant  molecular  strength. 

•  Begnault  has  ahown  (Ann,  de  CTUm,  et  de  Fhy$,  [8]  xliv.  p.  453) 
that  the  E.M.F.  of  a  cell  containizig ''  concentrated  "  solutions  of  zinc  and 
cadmium  sulphates  and  plates  of  these  metals  was  56,  when  that  of  a 
similar  cell  with  zinc  and  copper  sulphates  and  plates  was  176  (a  particular 
thermopile  being  employed  as  unit).  Taking  the  E.MJF.  of  the  latter 
cell  as  1*115  volt,  that  of  the  former  must  have  been  -860  volt — a  value 
differing  from  those  observed  by  an  amount  not  outside  that  possibly  due 
to  inequality  in  the  molecular  strengths  of  the  two  metallic  solutions. 
For,  by  the  use  of  more  dilute  cadmium-sulphate  solutions  (the  zinc- 
sulphate  solution  remaining  the  same)  an  appreciable  fidl  in  E.MJP.  was 
found  to  be  produced,  the  lowest  value  heing  42= *268  volt  with  solution 
diluted  to  t^  ;  on  the  other  hand,  decreasing  the  strengtii  of  the  zinc- 
sulphate  solution  produced  far  less  effect  These  and  the  author's  some- 
what diiferent  results  on  this  point  will  be  discussed  in  a  future  paper. 
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Thus  the  average  results  for  Daniell  cells  quoted  in  Part  V. 
and  the  above  figures  give  the  following  comparisons: — 


Nature  of  Plate-surfacea. 

EleotromotiTe  fV>xioe 
developed. 

Normal 
PanielL 

Zinc. 

Oadmium. 

Copper. 

Cadmium. 

Cadmimn- 
copper. 

Sam. 

Amalgamated, 
ft 

If 

Electro. 
Bright. 

(fluid). 

Amalgamated 

(solid). 

Electro. 
If 
» 

ft 

•8595 

•864 

•407 

•880 

•7525 
•7486 
*707 

•7886 

Mean  ... 

1112 

11126 

1-114 

1-1186 

Amalga- 
mated  zinc 
and  electro- 
oopperllll 

to  M16, 

11130 

Amalgamated. 
11 
II 

II 

Electro. 

Bright. 
Amalgamated 

(fluid). 
Amalgamated 

(soUd). 

1* 
t> 

»i 

•8695 

•364 

•407 

•880 

•7515 
•7475 
•706 

•7326 

Mean  ... 

Mil 

11116 

1118 

11136 

Amalga- 
mated sine 

mated  cop- 
per 1110 
to  1-115, 

'7t^ 

1-1120 

A  number  of  direct  experiments  were  also  made  on  thb 
point;  using  ttoin  cells  constructed  as  follows : — ^Three  beakers 
were  arranged  containing  solutions  of  copper,  cadmium,  and 
zinc  sulphates  of  the  same  molecular  strengths,  and  plates 
of  electro-copper,  bright  (or  electro-)  cadmium,  and  amalga^ 
mated  zinc  respectively.  The  copper  and  cadmium  beakers 
were  connected  by  a  siphon  tube  (with  ends  covered  with 
bladder)  filled  with  the  cadmium  sulphate  solution  ;  and  the 
cadmium  and  zinc  beakers  were  similarly  connected  by  a 
siphon  tube  containing  the  zinc  sulphate  solution.  The  cop- 
per, cadmium,  and  zinc  plates  were  then  connected  with  cups 
Nos.  1,  2,  and  3  respectively  of  a  switch-board  like  that  repre- 
sented in  fig»  3,  Part  Y.  (§  106);  so  that  by  connecting  cups 
1  and  2  with  the  electrometer  the  E.M.F.  of  the  cadmium- 
.  copper  cell  was  determined,  whilst  when  cups  2  and  3  were 
connected  the  E.M.F.  of  the  cadmium-zinc  combination  was 
determined.  These  readings  having  been  made  several  times, 
the  zinc  and  copper  plates  were  transferred  to  another  pair  oiF 
beakers,  containing  the  same  zinc  and  copper  sulphate  solu- 
tions united  by  a  zinc-sulphate  siphon,  so  as  to  constitute  a 
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normal  Daniell  cell  after  Baoalt's  pattern,  and  the  E.M.F.  of 
this  combination  determined.  Several  pairs  of  zinc  and  cop- 
per plates  were  thns  used — each  pair  being  read  first  in  the 
zincK^dminm-copper  combination,  then  in  the  normal  Daniell 
cell,  and  then  again  in  the  ternary  combination.  In  each  case 
the  difference  between  the  smn  of  the  average  electromotive 
forces  of  the  zinc-cadminm  and  cadmium-copper  couples  dif- 
fered from  that  of  the  zinc-copper  combination  by  quantities 
no  greater  than  the  erroris  of  observation  of  the  electrometer- 
scale  (about  +0'1  per  cent,  when  a  sufficient  number  of  read- 
ings were  taken)  ;  whilst  the  average  of  the  small  differences 
observed  with  different  pairs  was  actually  0,  the  small  +  and 
—  differences  due  to  errors  of  observation  completely  balancing 
one  another.  This  final  result  (that  no  discernible  difference 
was  to  be  found  between  the  sum  of  zinc-cadmium  and 
cadmium-copper  couples,  and  zinc-copper  couples  containing 
the  same  plates)  was  obtained  in  each  of  several  sets  of  expe- 
riments made  respectively  with  solutions  of  molecular  strength 
MSO447H,  0,  MSO4 100 H,  0,  and  MSO4 1250 H,  0. 

Rate  of  Fall  in  E.M.F,  through  so-called  Polarization  occurring 
in  Zinc-Cadmium  and  Cadmium^Copper  Cells  for  definite 
amounts  of  Increase  in  the  Rates  of  Current-flow. 

123.  The  experimente  made  with  normal  Daniell  cells 
described  in  Part  V.  (§§  103-105)  were  repeated  with  zinc- 
cadmium  and  with  cadmium-copper  plates  (exposing  surfaces 
of  2*5  and  5*0  square  centimetres).  The  results  were  similar 
in  character  to  those  obtained  with  the  Daniell  cells,  no 
appreciable  falling-off  in  E.M.F.  occurring  with  a  current- 
densiiy  of  less  than  some  5  to  10  microamperes  per  square 
centimetre  of  plate-surface,  but  very  considerable  amounts 
being  observed  with  stronger  currents. 

Thus  the  following  table  exhibits  the  values  obtained  in  four 
experiments — the  first  three  with  zinc-cadmium  plates,  the 
fourth  with  cadmium-copper  plates,  solutions  of  sulphates  of 
the  respective  metals  employed  being  used  throughout: — 
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Zino  plates    

Amalgamated. 
Electro   -' 

Amalgamated. 

Amalgamated. 

Fluid  amalgam. 

Afnalgn.nintf>d, 

Amalgamated. 
Solid  amalgam. 

Oadmium  plates  ... 

Brighii 

Oopper  plates  



Electro. 

Sp.  gr.  of  sine  sul- 1 
phate  eolation... 

117 

M7 

117 

Sp.  gr.  of  oadmium ' 
sulphate  solution  ' 

1-26 

1S2 

132 

1-32 

Sp.  gr.  of  oopper 
sulphate  solution 

117 

Besistanoeofcell, 
in  ohms  

9-6 

10^5 

11^0 

7-4 

MaximumE.M  Ji*., 
in  volts    J 

•866 

•418 

•396 

•741 

Current-density,  in 

mioroampdres  per 

Obserred  amounts  of  Fall  in  E.M.F. 

square  centimetre. 

10 

0 

0 

0 

•001 

20 

0 

•001 

•001 

•004 

40 

•001 

•002 

•003 

O08 

100 

•002 

•004 

<W 

■014 

200 

•004 

•007 

•Oil 

•020 

400 

•012 

•013 

•017 

•030 

1000 

•026 

•030 

OSO 

•049 

2000 

•049 

•069 

•066 

•077 

4000 

•088 

•099 

•094 

•128 

The  values  are  represented  graphically  by  the  curves  marked 
I.,  II.,  III.,  and  rV.  respectively  in  the  annexed  figure. 


mm  2U0U 

If  icroamp^Ks  per  aquMre  centimetre. 


4000 
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A  number  of  experiments  were  made  with  cells  containing 
solutions  not  of  eqnal  molecnlar  strengths  (like  those  described 
in  §  110)^  for  the  purpose  of  finding  how  much  of  the  dimi- 
nntions  observed  with  the  larger  current-densities  might  pos- 
sibly be  due  to  the  strengthening  of  the  solution  round  the 
dissolved  plate,  and  the  weakening  of  the  liquid  round  the 
other  platC;  which  takes  place  whilst  the  cell  is  in  action. 
The  general  result  was  that  the  maximum  possible  diminution 
due  to  these  causes  could  not  exceed  about  *04  volt.  The 
details  of  these  experiments  and  of  others  allied  thereto  will 
be  discussed  in  a  future  paper. 

Effect  of  varying  the  Size  of  one  ofthePlateSy  the  other 
remaining  cofistant. 

124.  The  experiments  described  in  Part  Y.  (§  115)  were 
repeated  with  various  cells  containing  copper-cadmium  or 
zinc-cadmium  plates  instead  of  zinc-copper  ones.  The  follow- 
ing values  obtained  in  four  such  experiments  illustrate  the 
results  obtained^  indicating  that  the  effect  of  halving  the  area 
of  the  plate  on  which  metal  is  deposited  is^  as  with  the  Daniell 
cells,  greater  than  the  effect  of  halving  the  area  of  the  dissolved 
plate,  when  the  former  plate  is  not  mercurialized*.  The  zinc- 
cadmium  cells,  however,  differ  from  ordinary  Daniell  cells  in 
this  respect — ^that,  whilst  amalgamating  the  copper  plate  of  a 
Daniell  cell  does  not  materially  alter  the  relative  effect  of 
halving  its  area,  amalgamating  the  cadmium  plate  of  a  zinc- 
cadmium  cell  greatly  diminishes  the  relative  effect  of  halving 
its  area,  in  such  sort  that,  when  solid  crystalline  amalgam  is 
used,  the  effect  of  halving  the  area  of  the  cadmium  plates, 
instead  of  exceeding,  becomes  sensibly  equal  to  the  effect  of 
halving  the  area  of  the  zinc  plate,  whilst  when  liquid  amal- 
gam is  used  the  effect  of  halving  the  area  of  the  cadmium 
plate  becomes  sensibly  less  than  the  effect  of  halving  that  of 
the  zinc  plate. 

*  It  is  noteworthy  in  this  oonnezion,  that  when  nearly  pnre  wrought^ 
iron  plates,  immersed  in  fenous  sulphate  solution,  replace  the  zinc  plates 
and  zinc  sulphate  solution  of  normal  Daniell  ceUs,  the  effect  of  halving  the 
area  of  the  iron  plates  sometimes  exceeds  that  produced  by  halving  the 
area  of  the  copper  plates 
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Current, 
inmioro- 
ampteaa. 

Oadmimn-Copper. 

Zino-Cadmimn. 

Bright  oadmiani' 

OflMUQAlQJ&> 

oadmimn. 

BfFeotoflialTmg 
ares  of 

Bg^othalriag 
area  of 

Effect  of  halTing 
area  of 

Bff'eotofluaTing 
areaof 

Gadminm. 

Copper. 

;Ziiio. 

Oadmiam. 

Zloo. 

Cadmivm. 

ZiBO. 

Cbdminm. 

1000 

•006 

•008 

•004 

•006 

•006 

•008 

•006 

•008 

2000 

•010 

•013 

•oar 

•008 

■009 

•006 

•Oil 

•015 

6000 

016 

•022 

•012 

013 

•018 

•Oil 

•021 

•019 

10000 

•020 

•081 

•020 

•025 

•027 

•016 

•026 

•025 

20000 

-039 

•061 

•030 

•040 

•036 

•022 

•032 

•032 

II.  Cells  containing  Silver  as  one  of  the  Metcds,  the  Salts  used 
being  Sulphates. 

125.  Three  sets  of  cells,  after  Baonlt's  pattern,  were  con- 
stmcted,  containing  respectivelj  zinc-silver,  cadmiam-silver, 
and  copper^  silver  couples,  the  respective  plates  being  immersed 
in  solutions  of  silver  sulphate  saturated  at  ordinary  tempera^ 
tures,  and  of  copper  and  zinc  sulphate  of  strengths  molecularlj 
equal  thereto  (the  silver  solution  contained  7*25  grammes  of 
AgsSOi  per  litre,  and  had  a  sp.  gr.  near  to  1*0067);  the  com- 
position was  uniformly  MSO4  2360HsO. 

On  making  series  of  determinations  of  the  E.M.F.'s  of  these 
cells,  the  following  results  were  arrived  at  as  the  effects  of 
varying  the  nature  of  the  silver  surfaces,  deduced  from  the 
average  values  of  a  large  number  of  observations  (upwards  of 
50  sets  of  comparisons). 

Effect  of  substituting  Electro-Silver  for  Bright  Silver. 


Zinc  opposed. 

Cadmium  opposed. 

Copper  opposed. 

Maximnm 

...   +-017 

+  •015 

+  •012 

Minimum 

...  +-003 

+  •005 

+  •004 

Bange 

...       -014 

•010 

•008 

ATerage... 

...   +-008 

+  •009 

+  •0075 
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Effedt  of  siibstUuiinff  Amcdgatnated  Silver  (fluid)  for 
Bright  Silver* 
Maximum  ...   +-102  +'110  +'105 

Minimmn  ...  +'092  +095  +-092 

Bange -010  -015  -013 

Average +'099  +-101  +-1025 

Considering  the  perceptibly  wider  ranges  of  variation  in 
tiiese  experiments  than  those  usually  observed  in  the  zinc- 
cadmium-copper  cells  previously  described,  it  is  evident  that 
the  effect  of  varjring  the  nature  of  the  silver  plate  is  sensibly 
independent  of  the  nature  of  the  other  metal. 

Sometimes,  but  not  invariably,  the  amalgamated  silver 
plates  became  solid  and  crystalline  (greenish  yellow)  on  the 
surface  :  this  result  was  apparently  brought  about  much  more 
rapidly  when  the  silver  was  immersed  in  concentrated  zinc 
sulphate  solution  than  under  any  other  of  the  conditions  ob- 
taining in  the  various  experiments.  When  this  change  took 
place  the  E.M.F.  set  up  by  opposing  such  a  plate  to  zinc  in 
cells  containing  sulphates  of  zinc  and  silver  was  always  inter- 
mediate between  that  set  up  in  the  same  fluids  by  plates  of 
bright  silver  and  of  fluid  amalgamated  silver.  The  average  of 
several  comparisons  was  as  follows  : — 

Effect  of  substituting  Amalgamated  Silver  (solid)  for 
Bright  Silver. 

Maximum +*025 

Minimum +*014 

Range  -Oil 

Average    -i'021 

In  this  respect  silver  is  analogous  to  cadmium  when  the 
latter  is  opposed  to  zinc  (§  121) ;  but  the  average  amounts 
of  increase  in  E.M.F.  due  to  fluid  and  solid  amalgam  are  in 
each  instance  considerably  greater  with  silver  than  with  cad- 
mium ('099  and  *021  for  silver  as  compared  with  *043  and 
•016  for  cadmium). 

On  substituting  electro-  for  bright  cadmium  in  the  cadmium- 
silver  cells,  identically  the  same  average  effect  was  observed 
as  in  the  cadmium-copper  ceUs  (§  119),  viz.  an  increase  in  the 
E.M.F.  of  from  -002  to  -006,  averaging  -004  volt.  Similarly,  on 
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snbstitatmgamalgsunatedfor  electro-copperin  the  oopper-silyer 
oellfl;  practicallj  the  same  namerical  difference  in  the  E.M.F. 
was  brought  about  as  was  formerly  observed  in  the  zino- 
copper  cells  (§  107)  and  the  cadmium-copper  cells  (§  119), 
but  in  the  opposite  direction,  the  E.M.F.  being  raised  in  the 
copper-silver  cells  and  lowered  in  the  other  two  kinds  :  the 
alteration  in  the  E.M.F.  varied  between  +"005  and  — -OOa^ 
averaging  +'0005. 

126.  On  allowing  newly  set-up  cells  to  stand  for  several 
hours,  different  results  were  brought  about  in  each  of  the 
three  cases  according  as  the  silver  was  opposed  to  zinc,  cad- 
mium, or  copper.  In  the  first  case  the  E.M.F.  invariably  fell; 
the  maximum  value  was  observed  immediately  after  the  cell 
was  set  up,  and  continued  sensibly  steady  for  a  variable  period 
of  time,  a  distinct  diminution  becoming  perceptible  sometimes 
after  half  an  hour,  sometimes  only  after  two  or  three  hours. 
With  cadmium  the  value  aftier  several  hours  was  somewhat 
greater  than  that  set  up  at  first  and  during  the  subsequent 
hour  or  so ;  and  with  copper  the  value  attained  afl;er  several 
hours  was  stOl  greater  than  that  exhibited  during  the  first  hour 
or  two.  The  following  numbers  represent  the  average  altera- 
tions thus  observed,  being  the  differences  between  the  average 
readings  during  the  first  hour  and  during  a  period  of  from 
3  to  5  hours  after  setting  up  : — 

Amalgamated  Zinc  opposed. 

Bright  silver.         Eledzo-silyer.      Amalgamated  silyer.         Mean. 
-•010  --014  --012  --012 

Bright  Cadmium  opposed. 
+  •003  +-001  +-003  +-002 

Electro-Cadmium  opposed. 
+  •008  +^004  +-003  +-003 

Electro-Copper  (^posed. 
+  •009  +-007  +-007  +-008 

Amalgamated  Copper  opposed. 
+  •011  +-009  +-005  +-008 

These  alterations  were  traced  to  the  variationet  in  the  nature 
of  the  surfaces  of  the  plates  opposed  to  the  silver ;  for  on 
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taking  oat^  for  instanoe^  an  amalgamated  zinc  plate  after 
5  honrs;  and  replacing  hj  a  freshly  amalgamated  plate,  the 
E.M.F.  was  restored  to  sensibly  the  same  valae  as  at  first ; 
and  similarly  with  the  other  metals.  On  the  other  hand,  on 
taking  out  from  two  cells,  for  instance,  a  zinc  and  a  copper 
plate  after  5  hours,  and  replacing  them  respectively  in  two 
beakers  containing  zinc  and  copper  sulphate  solutions  of  the 
same  molecular  strengths,  and  connected  by  a  siphon  tube,  the 
E.M.F.  of  the  cell  thus  formed  was  found  to  fall  short  of  the 
average  value  of  a  normal  Daniell  cell  with  fresh  plates  by  an 
amount  sensibly  equal  to  the  sum  of  the  numerical  alterations 
that  had  occurred  in  the  zincHsilver  and  copper-silver  cells 
jointly.  It  is  specially  noticeable  that,  whilst  in  zinc-copper 
cells  the  alteration  in  the  surface  of  the  copper  (probably 
through  oxidation)  on  standing  diminishes  the  E.M.F.,  in 
copper-silver  cells  the  alteration  is  in  the  opposite  direction  : 
with  zinc  and  cadmium  the  direction  of  this  alteration  when 
opposed  to  silver  is  the  same  as  when  opposed  to  copper- 
It  would  seem  from  all  these  results  that  the  effect  of  a  given 
alteration  of  the  surface  of  one  of  the  plates  of  a  voltaic  pair 
upon  the  E.M.F.  of  the  pair  is  independent  of  the  nature  of  the 
other  plate  as  regards  ite  numerical  value,  although  the  nature 
of  this  second  plate  regulates  the  direction  of  the  variation  in 
the  E.M.F.  produced  (increase  or  decrease),  and  also  exerts 
an  influence  upon  the  rate  at  which  the  alteration  of  the  plate- 
surface  takes  place.  Thus  it  was  repeatedly  observed  that, 
whereas  an  amalgamated  zinc  plate  (or  an  electro-copper  one), 
when  forming  part  of  a  normal  Daniell  cell,  did  not  become 
sensibly  oxidized,  so  as  to  diminish  the  E.M.F.  of  the  cell, 
until  after  several  hours  at  least  had  elapsed,  a  precisely  similar 
plate  immersed  in  the  same  liquid,  but  forming  part  of  a  zinc- 
silver  cell  (or  of  a  copper-silver  cell),  did  become  perceptibly 
oxidized  in  much  less  time.  In  other  words,  although  no 
measurable  current  was  generated  in  either  case,  yet  the 
different  amounts  of  strain  (so  to  speak)  set  up  in  the  chain 
of  liquid  particles  between  the  two  plat<es,  according  as  one 
was  silver  or  not,  did  affect  the  rate  of  change  in  the  surface 
of  the  more  oxidizable  metal  (presumably  by  varying  the 
rate  at  which  it  combined  with  the  oxygen  dissolved  in  the 
fluid). 
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127.  The  following  Table  exhibits  the  average  resalts  ob- 
tained in  about  150  sets  of  observations  and  oomparisons,  only 
those  values  made  during  the  first  hour  (or  sometimes  less) 
after  setting  up  being  taken  into  account^  and  all  subsequent 
values  being  rejected  where  any  diminution  through  oxidation 
Ac.  began  to  be  perceptible  *.  The  values  cited  as  the  average 
efiects  of  substituting  for  bright  silver  electro-  and  amalga- 
mated (liquid)  silver  are  the  means  of  the  three  sets  above 
quoted  (§  125)  obtained  respectively  with  zinc^  cadmium^  and 
copper : — 


mnm. 

Mini- 
mum. 

Bange. 

ATwage. 

+•017 

+•008 

•014 

+•008 

+•100 

+•092 

■008 

+•101 

+•026 

+•014 

•Oil 

+•021 

+005 

—003 

•008 

+•001 

+•006 

+•002 

■004 

+•004 

1-540 

1-618 

•022 

1^628 

1-660 

1-629 

•021 

1-636 

1-640 

1-615 

•026 

1-627 

1-655 

1644 

•Oil 

1-649 

1173 

1163 

•010 

1-1675 

1^186 

1-169 

•016 

11766 

1-278 

1-261 

•017 

1^2686 

1176 

1164 

•012 

11716 

1186 

1^176 

•010 

11805 

1-277 

1267 

•010 

1-2725 

•422 

•411 

•Oil 

•416 

•429 

•411 

•018 

•4236 

•536 

•613 

•022 

•6186 

•420 

•411 

•009 

•4165 

•430 

•414 

•016 

.424 

•635 

•613 

■022 

•619 

Bffeot  of  substituting  for  bright  silrer : — 

Eleotro-silTer 

Amalgamated  silyer  (liquid) 

„  „      (solid)    

Effect  of  substituting  for  eleetrosx>pper : — 
Amalgamatod  copper 

Efifect  of  substituting  for  bright  cadmium : — 
Electro-cadmium 

Electromotire  force  of  combinations : — 

Amalgamated  sine— Bright  silrer 

„  „  Electro-silrar    ... 

„  „  Amalg.silyer(liciuid) 

„  „  „        „     (solid). 

Bright  cadmium — Bright  silver 

,,  „  Electro-silyer   

„  „  Amalff.  silver  (liquid). 

Electro-cadmium — Bri^t  silver  

I,  ,,  Eleotro-silTer 

„  „  Amal|^.  silver  (liquid) 

Electro-copper — ^Bright  silver  , 

„  „         Electro-silver , 

ff  „        Amalg.  silver  ^liquid), 

Amalgamated  copper—Bright  silver .... 

t,  I,    Electro-silver , 

„  „    Amalg.  silver  (liquid) 


VoUa!8  Law  of  Summation. 

128.  The  valaes  in  this  table,  together  with  those  quoted 
above  for  the  zino-cadmiom  and  cadminm-copper  cells  ($$ 

*  Notwithstanding  all  care,  it  is  probable  that  the  average  results  with 
the  sinc-nlver  cells  are  too  low  hy  a  few  thousandths  of  a  volt,  and  those 
with  the  other  cells  slightly  too  high  (vide  $  128). 
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119  and  121)  and  those  given  in  Part  Y.  for  zinc-copper 
cells  (§  107),  clearly  prove  that  Volta's  law  holds  in  the  case 
of  the  sets  of  combinations 

/A\  fZn  .  fCd  fZn 

<^)  .(Cd         +         lAg        =         lAg 


(B) 


fZn 
.iCd 

+ 

fCd 
Ug 

fZn 
ICn 

+ 

fCu 

fCd 
ICa 

+ 

fCu 

Ug 

rzn 

lAg 


(«)     t^   +    Ug   =    (ig 

at  any  rate  within  the  range  of  possible  error  dae  to  the 
somewhat  larger  ranges  offlactaation  in  the  E.M.F.  of  silver- 
containing  cells  than  were  observed  with  zinc-cadmiom-copper 
cells,  and  to  the  fact  that,  althoagh  alterations  of  the  oxidi- 
zable  plates  in  the  cells  containing  silver  was  avoided  as  far 
as  possible  by  only  carrying  on  the  observations  for  one  hour 
and  sometimes  less,  still  it  was  not  practicable  wholly  to  avoid 
this  source  of  inaccuracy.  Thus  in  the  three  cases  respec- 
tively the  following  figures  are  obtained  (seepages  148, 149). 

Average  difference  in  case  A a  +'0042 

ff       B  =  +-0027 

„       0  =  —0032 

Mean =  +'0012 

On  carrying  out  twin-cell  experiments  like  those  described 
in  §  122,  it  was  found  that  when  a  silver  plate  was  placed  in 
the  ceniral  beaker,  and  either  copper  and  zinc,  copper  and 
cadmium,  or  zinc  and  cadmium  plates  were  used  in  the  other 
beakers,  together  with  solutions  of  the  respective  metallic 
sulphates  of  the  same  molecular  strengths,  the  difference 
between  the  electromotive  forces  determined  in  the  twin  cell 
was  always  sensibly  equal  to  the  E.M.F.  developed  by  the  pair  of 
plates  other  than  silver  employed  when  taken  out  and  opposed 
to  each  other  in  an  ordinary  cell  containing  the  same  metallic 
solutions ;  and  this  was  found  to  be  the  case,  not  only  with 
freshly-prepared  plates,  but  also  with  plates  that  had  been 
immersed  for  hours  and  had  become  oxidized  on  the  surface. 
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For  instance^in  a  pair  of  experiments  with  amalgamated  zinc, 
bright  silver,  and  electro-copper  plates: — 

Cells  newly  set  ap.  After  2i  hours. 


Zinc-<5opper  in  single  cell   .     .  1*115 

Copper-silver  in  twin  cell   .     .  '417 

Sum    ....  1-532 

Zinc-silver  in  twin  cell  .     .     .  1*534 

Diflference    .     .  —•002 


1-098 
•425 

1-523 
1-522 

+  •001 


Similar  results  were  obtained  in  several  other  experiments 
of  the  same  kind,  both  with  zinc-copper  plates  opposed  to 
silver  and  with  the  other  two  pairs  (zinc-cadminm  and 
cadmium-copper).  The  average  diflference  in  each  case  was 
considerably  less  than  ±  '001  volt. 

Relations  between  the  Electromotive   Forces   of  Zino-SUver, 
Copper^SilveTy  and   Cadmium-SUver  Cells  and  those  corre- 
sponding to  the  net  Chemical  Actions  taking  place  therein* 
129.  In  all  the  cells  hitherto  examined  in  this  series  of 
researches  there  has  been  shown  to  be  a  sensible  equality 
between  the  electromotive  forces  generated  with  clean  plate- 
surfaces  of  pure  metals  and  those  corresponding  to  the  net 
chemical  and  physical  actions  taking  place  therein.    A  priori^ 
there  does  not  seem  to  be  any  evident  reason  why  the  same 
state  of  things  should  not  exist  in  the  case  of  cells  containing 
silver  plates.    Thomson's  thermo-chemical  valuations,  how- 
ever, indicate  that  tihe  electromotive  forces  corresponding  to 
the  three  equations 

Zn     +     AgjSO*    =     2Ag     +     ZnS04, 
Od     +     Ag8S04     =     2Ag     +     CdSO*, 
Cu     +     Ag4S04     =     2Ag     +     CUSO4, 
are  considerably  higher  than  those  actually  observed  and 
tabulated  above,  thus: — 

Zinc-silver.  Cadmium-silver.  Copper-silver. 


Zn,0,SO,aq.  = 
Ag^O.SO.aq.  = 


106090 
20890 


I>iff.,  per  gramme- 1    40QR0 

equiTalent J  ''*°*^ 

GorreBponding  to  Tolt  1*890 


Cd.O,SO,iiq.    =  89600 
Aga,O.SO,aq.  =  20390 

69110 

34555 
1-524 


Cu,0,80,iiq.    =  56960 
Ag»0,SO,aq.  =:  20S90 

35570 


17786 
•784 
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In  each  of  the  three  cases  the  calculated  E.M.F.  is  from  '34 
to  'ST  volt  above  the  observed  values  when  silver  plates  not 
amalgamated  are  osed,  indicating  that  even  when  only  infi- 
nitesimal currents  are  generated  a  large  amount  of  energy  is 
nonadjuvant.  It  will  be  shown  in  a  future  paper  that  this 
behaviour  is  more  or  less  marked  in  other  kinds  of  cells  con- 
taining silver  plates  and  silver  compounds,  although  the  mini- 
mum amount  of  nonadjuvancj  observed  in  any  given  case  is 
variable  with  the  nature  of  the  saline  compounds  in  the  cell*. 
In  order  to  see  whether  the  rise  in  E.M.F.  produced  by  amalga- 
mating the  silver  plate  is  due  simply  to  the  heat  of  formation  of 
silver  sulphate  being  less  when  the  silver  is  dissolved  in  mer- 
cury than  when  it  is  free,  determinations  of  the  heat  of  solution 
of  silver  (precipitated  from  the  nitrate  by  copper,  crystalline) 
were  made.  It  was  found  a  little  difficult  to  get  every  trace 
of  silver  used  dissolved  in  mercury  when  20  grams  of  silver 
and  600  of  mercury  were  employed,  even  though  the  surface 
of  the  former  was  washed  wifli  dilute  nitric  acid.  With 
smaller  amounts  of  mercury  only  incomplete  solution  was 
effected,  more  or  less  pasty  amalgam  being  formed,  and  a  smaller 
heat-development  being  then  noticeable.  The  most  trustworthy 
determinations  made  indicated  that  during  the  solution  of 
108  grams  of  silver,  2070  grammo-degrees  are  evolved. 
Hence  the  heat  of  formation  of  silver  sulphate,  when  the 
silver  is  dissolved  in  mercury,  is,  per  gramme-molecule, 
20390-2  X  2070=16250;  so  that  the  heat  of  displacement  of 
sOver  &om  silver  sulphate,  when  the  metal  is  ultimately  obtained 
in  mercurial  solution,  is  greats  than  the  values  above  calcu- 
lated for  zinc,  cadmium,  and  copper  respectively  as  precipi- 
tating metals  by  4140  gramme-degrees  per  gramme-molecule, 
or  2070  per  gramme-equivalent,  corresponding  with  '0915  volt. 
The  average  difference  in  E.M.F.  between  cells  otherwise 
alike,  in  which  crystalline  electro-silver  and  amalgamated 
silver  (fluid)  are  respectively  used,  is  almost  identical  with 
this,  being  -101  -  -008 = -093  volt.  As  already  noticed  (§  120), 
silver  and  cadmium  differ  in  their  behaviour  in  this  connexion 

*  Raoult  has  already  obtained  numbers  (Ann.  Chtm,  et  Phys,  [4]  ii 
317  and  iv.  892)  indicating  that  the  *'  galvanic  heat "  (§  17)  of  a  cell  con- 
taining copper,  silver,  and  the  nitrates  of  their  metals  is  sensibly  below  the 
value  due  to  the  net  chemical  action  taking  place.  These  and  other  similar 
observations  will  be  discussed  in  a  future  paper. 

VOL.  V.  N 


Digiti 


zed  by  Google 


152 


DB.  C.  B.  A.  WBIOHT  ON  THB  DETEBMINATIOK  OF 


when  amalgamated,  the  ineqnaliij  between  the  effect  on  the 
E.M.F.  actoally  produced  by  amalgamation  of  cadmium  and 
that  corresponding  with  the  heat  of  solution  in  mercury  being 
probably  due  to  the  oxidation  of  cadmium  by  dissolved  air. 

Bate  of  Fall  in  Electromotive  Force  through  so-^led  ^^Polartzor^ 
tion  "  for  definite  Amount  of  Increase  in  Rate  of  Current^flow. 
130.  In  order  to  see  whether  the  electromotive  forces  of  the 
cells  above  described  are  rendered  less  (when  no  current 
passes)  than  they  otherwise  would  be,  through  the  interfering 
action  of  dissolved  air  or  some  other  similar  obscure  cause,  a 
number  of  experiments  were  made  like  those  described  in 
Part  V.  (§§  103-105),  with  the  general  result  of  showing  that 
the  deficiency  observed  in  the  E.M.F.  actually  generated  when 
no  current  passes  (as  compared  with  that  calculated  from  the 
thermo-chemical  data)  is  at  any  rate  not  due  to  any  such 
cause,  inasmuch  as  the  E.M.F.  generated  when  a  current  does 
pass  is  always  more  or  less  below  that  set  up  when  no  current 
passes,  just  as  with  normal  Daniell  cells  and  with  the  zinc- 
cadmium  and  cadmium-copper  cells  above  described.  Thus, 
for  example,  the  following  numbers  were  obtained  in  three 
experiments^  in  each  of  which  bright  zinc  plates  were  em- 
ployed, and  one  in  which  electro-copper  plates  were  used,  the 
silver  plates  being  in  each  instance  uppermost  and  surrounded 
by  saturated  silver  sulphate  solution. 


Fluid  surrounding  Zino-sulphato 

the  zino  plates. 
Fluid  surrounding 

the  copper  plates 
Nature   of  sUyer 

plates. 


Bedstanoe,  in 
ohms,  of  column 
of  fluid  between 
plates  

Mii'rinmm  E.M.F. 


solu- 
tion, sp.  gr.  1*42. 


Electro-silYer  (crj'- 
stalline. 


Zino-sulphate  solu- 
tion, sp.  gr.  1*42. 


Solid     crystallized 
amalgam. 


J 


66-9 
1-500 


76-0 
1-511 


Zinc-sulphate  solu- 
tion, sp.  gr.  1*10. 


sulphate 


)pper    sulpnate 
SOL,  sp.  gr.  1*17 


Solid    cry  stallized^Blectro.  liher  (cry- 
amalgam,  flcalline). 


76-6 
1-546 


71-0 
•401 


Current-density, 
in  mioroampdres. 

ii) 

50 

100 

200 

400 

600 
1000 
2000 


Obserred  amounts  of  fall  in  Electromotire  Force. 


•016 
•025 
•041 
•062 
•080 
•116 
•209 


•010 
•018 
•036 
•067 
•097 
•144 
•268 


•012 
•021 
026 
•037 
•059 
•077 
•112 
•177 


•005 
•Oil 
•019 
•030 
•047 
•063 
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These  numbers  are  represented  graphically  by  the  curves 
marked  respectively  V.,  VI.,  VII.,  and  VIII.  in  the  figure. 

On  trying  experiments,  like  those  described  in  §  110,  to  see 
how  far  the  falling-off  in  E.M.F.  when  a  current  is  generated 
could  be  due  to  the  accumulation  of  zinc  (cadmium  or  copper) 
sulphate  round  the  plate  opposed  to  the  silver,  it  was  found 
that  the  maximum  possible  effect  due  to  this  cause  could  not 
exceed  about  '04  volt  with  zinc  and  cadmium,  and  *02  with 
copper.  These  experiments,  and  others  of  a  similar  nature^ 
will  be  discussed  in  a  future  paper. 

On  comparing  the  eight  curves  represented  in  the  figure 
with  those  previously  described  as  obtained  with  various  forms 
of  Daniell  cell  (Part  V.  §  105),  it  is  noticeable,  first,  that  the 
curves  obtained  with  the  zinc-cadmium  cells  underlie  all  the 
others  (I.,  II.,  and  III.);  secondly,  that  the  curve  with  the 
cadmium-copper  cell  (IV.)  is  practically  identical  with  one  of 
the  Daniell-cell  curves — indicating  consequently  that,  whilst 
the  substitution  of  copper  for  cadmium  in  a  zinc-cadmium 
cell  raises  the  position  of  the  curve  (t.  e.  increases  the  rate  of 
fall  in  E.M.F.  according  as  the  current-density  increases),  the 
substitution  of  cadmium  for  zinc  in  a  Daniell  cell  does  not 
materially  alter  the  position  of  the  curve  ;  thirdly,  the  curves 
with  the  zinc-silver  and  copper-silver  cells  overlie  all  the 
others,  whilst  the  copper-silver  curve  (VIII.)  is  not  widely 
different  from  the  zinc-silver  carves  (V.,  VI.,  and  VII.) — 
indicating  that,  whilst  the  substitution  of  silver  for  copper  in  a 
Daniell  cell  largely  raises  the  position  of  the  curve,  the  efiect 
of  substituting  copper  for  zinc  in  a  zinc-silver  cell  is  very  much 
less  marked.  In  other  words,  the  nature  of  the  dissolved  metal 
affects  the  rate  of  decrease  in  E.M.F.  with  increasing  current- 
density  much  less  than  does  the  nature  of  the  deposited  metal ; 
whilst  tlie  less  the  lieat  of  formation  of  the  salt  of  the  latter  that 
is  decomposed  hy  the  passage  of  tlie  current^  the  m^yre  rapid 
appears  to  he  tlie  rate  of  fall  in  the  E.M.F.  of  the  cell  as  the 
current-density  increases.  As  regards  the  first  part  of  this 
general  conclusion,  it  is  precisely  what  also  results  from  the 
majority  of  the  previously  described  experiments  on  the  effect 
of  halving  the  area  of  the  dissolved  plate,  as  compared  with 
that  produced  by  halving  the  area  of  the  plate  on  which  metal 
is  deposited.  The  following  experiments  with  cells  containing 
silver  plates  also  give  the  same  general  results. 
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Effect  of  Varying  the  Size  of  one  of  tlie  Plates  in  Cells  cou" 
taining  Silver  as  one  of  the  Metals,  the  other  Plate  remaining 
unaltered, 

131.  By  operating  in  the  way  described  in  §  115,  the  fol- 
lowing results  were  obtained  in  four  sets  of  observations  with 
zinc-silver  and  copper-silver  cells,  showing  that,  in  all  cases, 
halving  the  area  of  the  silver  plate  produces  a  sensibly  greater 
decrease  in  the  E.M.F.  set  up  with  a  constant  rate  of  carrent- 
flow  than  is  effected  by  halving  the  area  of  the  plate  opposed 
to  the  silver. 


Ourrenfr 
density, 
in  mioro- 
amp^res. 

ZiNC-SlLVBE. 

OOPPER-SlLVm. 

Amalgamated 
zinc— electro- 
silver. 

zino — ttystalline 

amalgamated 

^ver. 

Amalgamated 

zinc— crystalline 

amalgamated 

silver. 

Electro-copper— 
electro-suver. 

Effect  of  halving 
area  of 

Effect  of  halving 
area  of 

Effect  of  halving 
area  of 

Effect  of  halving 
area  of 

Zinc. 

Silver. 

Zine. 

Silver. 

Zinc 

Silver. 

Copper. 

Silver. 

1000 
2000 
SOOO 
5000 
8000 
10000 

•009 
•012 
•014 
•016 
•028 

•Oil 
•024 
•038 
•064 
•093 



•007 
•009 

•on 

•020 
•038 

•026 
•045 
•059 
•103 
•186 

•008 
•012 
•015 
•021 
•029 
•034 

•019 
•036 
•047 
•070 
•122 
•151 

•004 
•010 
•017 

•Oil 
■028 
■028 

Summary  of  Results. 
132.  The  foregoing  results  may  be  thus  summarized  : — 
Cells  containing  zinc  and  cadmium  or  cadmium  and  copper 
plates,  immersed  in  solutions  of  the  sulphates  of  these  metals 
respectively,  are  closely  analogous  to  ordinary  Daniell  cells 
(containing  zinc  sulphate  solution).  Slight  variations  in  the 
E.M.F.  generated  are  introduced  by  varying  the  condition  of 
the  plate-surfaces;  but  in  all  cases  the  maximum  E.M.F. 
actually  generated  with  clean  pure  plate-surfaces  and  with 
solutions  of  equal  molecular  strengths  is  close  to  that  calculable 
from  the  net  chemical  action  taking  place  in  the  cell  when 
generating  a  current.  When  the  cadmium  plates  are  not 
amalgamated,  or  are  covered  with  crystalline  solid  amalgam, 
the  electromotive  forces  are  close  to  '75  and  '36  volt  for 
cadmium-copper  and  zinc-cadmium  cells  respectively,  the 
values  corresponding  to  the  net  chemical  actions  as  deduced 
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from  Thomsen's  thermo-chemical  results  being  substantially 
the  same.  When  the  cadmium  plates  are  covered  with  fluid 
amalgam,  the  electromotive  forces  are  lower  in  the  first  case 
and  higher  in  the  second  by  upwards  of  '04  volt — ^a  quantity 
distinctly  exceeding  in  magnitude  tlie  E.M.P.  corresponding 
with  the  heat  of  solution  of  cadmium  in  mercury,  although  of 
the  same  sign. 

(2)  The  electromotive  forces  of  zinc-silver,  cadmium-silver, 
and  copper-silver  cells  containing  the  respective  sulphates  of 
these  metals  differ  from  those  of  zinc-cadmium,  zinc-copper 
(Daniell),  and  cadmium-copper  cells  in  this  respect,  that  the 
maximum  electromotive  forces  generated  (the  fluids  being  of 
equal  molecular  strength)  are  not  sensibly  the  same  as  those 
calculated  from  Julius  Thomson's  thermal  data,  but  in  •every 
case  fall  short  by  an  amount  not  far  from  *35  volt.  When 
the  silver  plates  are  not  mercurialized,  or  are  coated  with  crys- 
talline amalgam,  the  electromotive  forces  (which  ysltj  slightly 
with  the  precise  nature  of  the  plate-surfaces)  are,  in  the  three 
cases,  near  to  l'53j  1'17,  and  0'42  volt  respectively,  the 
metallic  solutions  being  of  equal  molecular  strength.  When 
the  silver  plates  are  covered  with  fluid  amalgam,  the  electro- 
motive forces  are  in  each  case  about  *09  volt  higher  than  the 
values  obtained  with  electro-deposited  crystalline  metal,  this 
increase  almost  exactly  coinciding  with  the  increment  corre- 
sponding with  the  heat  of  solution  of  silver  in  mercury. 

(3)  As  long  as  the  cadmium  and  zinc  [or  copper]  solutions 
employed  are  of  the  same  molecular  strength  within  the  limits 
indicated  respectively  by  MSO45OH2O  and  MSO4 1250  H,0, 
the  E.M.F.  developed  with  a  given  pair  of  cadmium  and 
zinc  [or  copper]  plates  is  sensibly  independent  of  the  actual 
strength  of  the  solutions,  these  cells  behaving  precisely  like 
Daniell  cells  in  this  respect.  With  Daniell  cells  the  solutions 
are  practically  of  the  same  molecular  strength  when  they 
are  of  the  same  specific  gravity;  but  with  the  other  cells 
containing  cadmium  this  is  not  so,  cadmium-sulphate  solution 
being  uniformly  more  dense  than  either  zinc  or  copper  solution 
of  the  same  molecular  strength. 

(4)  The  effect  on  the  E.M.F.  of  a  cell  of  a  given  alteration 
in  the  nature  of  the  surface  of  either  a  zinc,  copper,  cadmium, 
or  silver  plate  is  sensibly  tEe  same  numerically  whichever 
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otiier  one  of  these  fonr  metals  be  opposed  to  it ;  but  the  direc* 
tion  of  the  alteration  is  opposite  according  as  the  plate  is  the 
anode  or  the  kathode  of  the  combination. 

(5)  Volta's  "  Law  of  Summation  "  universally  holds  within 
the  limits  of  experimental  error  in  all  the  cases  examined ; 
that  is,  the  electromotive  forces  of  zinc-cadmium,  cadmium- 
copper,  and  copper-silver  combinations  are  such  that,  for  any- 
given  kinds  of  plate-surfaces,  the  sums  of  the  two  first,  of  the 
two  last,  and  of  the  three  together  are  respectively  equal  to 
the  electromotive  forces  of  zinc-copper,  cadmium-silver,  and 
zinc-silver  combinations. 

(6)  Zinc,  copper,  and  cadmium  plates  alter  superficially 
(probably  in  consequence  of  oxidation  by  dissolved  air)  more 
rapidly  when  opposed  to  silver  than  when  opposed  to  any 
other  one  of  these  four  metals,  on  being  immersed  in  solutions 
of  their  respective  sulphates  forming  one  half  of  a  cell  on 
Daniell's  principle — no  current  being  generated  by  the  cell, 
the  measurements  being  made  by  means  of  a  quadrant  elec- 
trometer. 

(7)  With  all  the  cells  examined  the  behaviour  when  gene- 
rating a  current  is  analogous  to  that  of  a  normal  Daniell  cell : 
when  the  current-density  exceeds  a  few  microamperes  per 
square  centimetre  of  plate-surface,  a  more  or  less  marked 
diminution  in  the  E.M.F.  ensues,  the  falling-off  being  the 
greater  the  greater  the  current-density.  With  moderately 
strong  currents  the  diminution  far  exceeds  the  maximum 
possible  amount  due  to  accumulation  of  dissolved  salt  round 
the  plate  dissolved,  and  exhaustion  of  solution  round  the  other 
plate.  Cceteris  paribus ,  the  rate  of  fall  in  E.M.F.  as  the 
current-density  increases  is  the  more  rapid  the  lower  the  heat 
of  formation  of  the  metallic  salt  decomposed  in  the  cell  so  as 
to  deposit  the  metal,  and  is  comparatively  but  little  affected 
by  the  nature  of  the  dissolved  metal. 

(8)  The  efiect  of  halving  the  area  of  the  plate  on  which 
metal  is  deposited  is  usually  to  cause  a  greater  diminution  in 
the  E.M.F.  than  is  produced  by  halving  the  area  of  the  dis- 
solved plate ;  amalgamated  cadmium  plates  in  zinc-cadmium 
cells,  however,  form  an  exception  to  this  rule. 
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XVL  An  Integrating  Anemometer.     By  Walter  Baily*. 

[Plate  Vn.] 

The  object  of  the  instrament  described  in  this  paper  is  to 
resolve  the  velocity  of  the  wind  in  two  directions  at  right 
angles  to  one  another^  and  to  obtain  the  time-integral  of  each 
part  separately. 

The  instrament  contains  a  horizontal  plane,  in  which  are 
two  slits  N  S  and  E  W,  forming  a  cross  to  be  placed  with  its 
arms  towards  the  cardinal  points.  In  these  slits  are  sliders 
F,  G,  connected  by  a  bar  of  constant  length.  0  is  the  centre 
of  the  cross,  H  the  centre  of  the  bar.  The  locus  of  H  is  a 
circle  with  centre  O.  A  weathercock  or  some  equivalent 
mechanism  is  to  keep  H  in  such  a  position  that  the  radius 
O  H  is  in  the  direction  of  the  wind.  The  sliders  carry  beneath 
them  wheels,  B,  C,  whose  planes  ara  perpendicular  to  their 
respective  slits,  and  whose  centres  are  beneath  the  pivots 
joining  the  slits  to  the  bar.  [See  figs.  1,  2,  3,  Plate  YII. 
Fig.  1  gives  a  perspective  view  of  the  instrument,  omitting 
some  points;  fig.  2  gives  a  view  of  the  top  of  the  instrument; 
and  fig.  3  gives  a  section  of  a  slit  and  slider,  and  shows  the 
wheel  carried  by  the  slider.]  The  wheels  B,  C  rest  on  a  disk, 
A  (fig.  1),  which  revolves  about  a  vertical  axis  immediately 
below  0.  The  disk  A  is  to  be  rotated  by  Robinson's  cups,  or 
some  equivalent  mechanism,  so  as  to  have  a  velocity  propor- 
tional to  that  of  the  wind.  The  pieces  which  carry  die  wheels 
B,  C  should  be  allowed  some  play  in  a  vertical  direction;  and 
the  contact  of  B  and  C  with  A  can  then  be  maintained  either 
by  their  own  weight  or  by  the  use  of  a  spring.  The  number 
of  rotations  of  B  in  a  given  time  is  proportional  to  the  time- 
integral  of  the  resolved  part  of  the  wind  in  one  direction  (say, 
north);  and  the  number  of  rotations  of  C  is  proportional  to 
the  time-integral  of  the  resolved  part  of  the  wind  in  a  direc- 
tion at  right  angles  to  the  first  (say,  west). 

Let  O  be  the  angular  velocity  of  the  disk  A;  a>,  fn/  the 
angular  velocities  of  the  wheels  B,  C;  m,  m'  the  number  of 
their  rotations  in  a  given  time  ti  b  their  radius,  a  the  length 
of  the  bar ;  0  the  angle  between  the  direction  of  the  wind  and 

«  Read  June  10, 1882. 
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(say)  the  north;  then  bcD^aemO .H,  and  ico'ssaoosd.O; 
and  the  integrals  required  are 


1   nsm0dt=  1   -<»d*=-'j 
Jo  J*  «  « 

Jo  Jo  « 


•  irwi 
Jo  .U  a  6 

and 

-Trm' 


Therefore  m,  m'  are  proportional  to  the  required  integrals. 

Each  slider  might  carry  a  train  of  wheels  to  record  the 
number  of  rotations ;  or  an  electrical  arrangement  might  be 
made  in  which  each  wheel  should  complete  a  circuit  at  each 
rotation  and  the  number  of  contacts  should  be  recorded.  In 
the  latter  case,  as  no  distinction  is  preserved  as  to  ihe  direc- 
tion in  which  the  wheels  revolve,  it  becomes  necessary  to  have 
four  circuits,  one  for  each  cardinal  point,  with  a  recorder  in 
each,  and  to  have  one  connected  with  each  arm  of  the  cross. 

A  working  model  of  the  instrument  above  described  was 
exhibited  at  the  Meeting,  and  was  fitted  with  an  electrical 
arrangement  such  as  I  have  mentioned. 

I  have  since  discovered  that  the  slits,  sliders,  and  bar  above 
described  may  be  replaced  by  a  train  of  cogged  wheels.  (E'ig.  4 
represents  the  upper,  and  fig.  5  the  under  surface  of  the  train.) 
A  bar  turns  in  a  horizontal  plane  about  0,  and  is  kept  in  the 
direction  of  the  wind.  This  bar  carries  three  wheels,  H,  K,  Lj 
having  the  same  axis.  The  length  of  the  bar  from  one  pivot 
to  the  other  is  supposed  to  be  an  inch  and  a  half.  The  wheels 
H,  K  are  rigidly  connected;  and  L  lies  between  them  and  turns 
independently.  H  and  K  are  1  inch,  and  L  is  3  inches  in 
diameter.  L  rolls  on  the  inner  edge  of  P,  and  H  rolls  on  the 
inner  edge  of  Q,  the  diameters  of  P  and  Q  being  6  and  4 
inches  respectively.  Two  wheels,  M  and  N,  whose  diameters 
are  2  inches,  are  carried  by  the  wheel  L,  and  have  their  centres 
at  the  extremities  of  a  diameter  of  L.  M  and  N  are  in  the 
same  plane  as  K,  and  are  therefore  touched  by  it.  As  the  bar 
rotates,  M  and  N  move  without  rotation,  and  their  centres 
move  in  straight  lines  passing  through  0  at  right  angles  to  one 
another,  and  are  at  a  fixed  distance  apart,  and  have  the  line 
joining  them  bisected  by  the  bar,  which  is  the  direction  of  the 
wind.  Hence  M  and  N  may  be  used  to  carry  the  wheels  B,  0 
(fig.  1)  instead  of  their  being  carried  by  the  sliders  F  and  G. 
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XVII.  On  Central  Forces  and  tlie  Conservation  of  Energy, 
By  Walter  R.  Browne,  M.A.^  if.  Inst.  C.E.,  late  Fellow 
of  Trinity  College,  Cambridge*, 

It  is  weH  known  that  the  ordinary  proof  of  the  principle 
known  as  the  Conservation  of  Energy  assumes  the  forces 
acting  to  be  Central  Forces  t;  but  the  intimate  connexion  ex- 
isting between  these  two  facts — the  existence  of  Central 
Forces  and  the  Conservation  of  Energy — has  not,  so  far  as  I 
am  aware,  been  thoroughly  examined.  I  shall  here  attempt 
to  show  that  the  two  necessarily  imply  each  other;  so  that  not 
only  is  the  Conservation  of  Energy  true  if  the  system  is  a 
system  of  central  forces,  but  the  Conservation  of  Energy  is 
not  true  if  the  system  is  any  thing  but  a  system  of  central 
forces. 

For  the  sake  of  simplicity  I  will  confine  myself  to  the  case 
of  two  particles,  and  suppose  them  so  far  apart,  in  proportion 
to  their  dimensions,  that  each  may  be  treated  as  if  concentrated 
at  its  centre  of  gravity.  Let  iJie  particles  be  A  and  B,  and 
consider  the  motion  of  B  with  reference  to  A  as  fixed.  Sup- 
pose B  to  be  moving  away  from  A,  and  to  be  acted  upon  by  a 
moving  force  due  to  the  action  of  A.     Let  it  move  from  a  dis- 

*  Read  November  11, 1882. 

t  This  is  recognized  explicitly  by  Clausius,  'Mechanical  Theory  of 
Heat/  p.  16. 
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tance  a  to  a  distance  a +  5,  and  let  F  be  the  resolved  part  of 
the  moving  force  in  the  line  AB.  Then  the  energy  exerted 
by  B  daring  this  motion  in  overcoming  the  attraction  of  A  is 
represented  by 


j: 


+  6 

FdA'. 


Let  Vi  be  B's  initial  velocity,  m  its  mass.  Then  at  the  end  of 
the  motion  vi  will  be  reduced  to  v,  where  v  is  given  by  the 
equation 


J(t,J-t^)=^      Fdj,. 


Let  us  suppose  6  to  be  such  that  t7s=0,  so  that 

fa+b 

o]=\      Fdx (1) 


2^« 


Then,  when  B  arrives  at  distance  a  +  6,  its  velocity,  and  there- 
fore its  kinetic  energy  or  vis  viva^  will  be  reduced  to  zero. 
There  is  therefore  a  loss  of  energy,  so  far  as  B  is  concerned. 
But  now  let  us  suppose  that  B  is  left  free  to  return  towards  A, 
and  that  it  passes  back  again  over  the  space  b.  Then,  if  F 
continues  to  act,  A  will  exert  during  the  motion  an  amount  of 
energy  on  B,  or  will  do  an  amount  of  work  upon  B,  which 
will  be  represented  by 

\      Fda; 

Ja-k-b 

and  when  B  has  reached  the  distance  a,  it  will  have  gained  a 
velocity  V,  given  by  the  equation 


-v«=r  F 


da (2) 


Now  if  V=— t?i,  then  V^s=rJ  :  hence  we  shall  have  the  two 
particles  in  the  same  position  as  at  first,  and  the  kinetic  energy, 
of  B  will  be  the  same  as  at  first.  Therefore  there  will 
have  been  no  loss  or  gain  of  energy  on  the  whole  ;  and  the 
energy  is  then  said  to  have  been  conserved  during  the  motion. 
At  the  time  when  B's  velocity  is  zero,  the  energy  of  the  system 
is  represented  by  the  potential  energy   of  A — that  is,  the 


power  A  has  of  subsequently  doing  the  work  I     Fdx  upon  B 


i]     F( 


Digiti 


zed  by  Google 


AND  THE  CONSERVATION  OF  ENERGY.         161 

At  other  times  during  the  motion,  the  energy  of  the  system  is 
partly  potential  energy  of  A,  partly  kinetic  energy  of  B. 

We  thus  see  that  it  is  essential  to  the  Conservation  of 
Energy  that  V^  should  =  Vi,  But  by  equations  (1)  and  (2) 
this  is  equivalent  to  the  equation 

I       ¥dx^\     Ydx', (3) 

•/a  Ja-\b 

these  two  expressions  representing  the  two  amounts  of  energy 
exerted,  as  described  above. 

It  is  therefore  essential  for  the  conservation  of  energy  that 
F  should  be  a  function  of  a  form  such  that  equation  (3)  may 
hold.  We  have  now  to  inquire  what  this  form  must  be,  or, 
in  other  words,  within  what  limits  F  may  be  allowed  to  vary 
so  that  the  equation  (3)  may  still  hold. 

Now  we  have  not  supposed  the  constitution  of  A  and  B,  or 
their  relations  to  each  other,  to  vary  in  any  way  except  in 
regard  to  space  and  in  regard  to  time ;  and  we  have  every 
reason  to  believe  that  these  are  the  only  variations  which  take 
place  in  the  ultimate  molecules  of  matter.  Hence  we  need 
only  consider  variations  with  regard  to  space  and  time. 

Now  if  F  be  any  function  of  time,  then,  since  some  time 
must  have  elapsed  between  the  exertion  of  the  two  amounts  of 
energy  represented  by  the  two  sides  of  equation  (3),  it  follows 
that  for  every  value  of  F  in  the  right-hand  expression  the 
time  will  be  greater  than  for  the  corresponding  value  of  F  in 
the  left-hand  expression ;  and  therefore  the  sums  of  the  two 
sets  of  values,  or  the  two  integrals,  cannot  be  equal.  Hence 
F  cannot  be  a  function  of  time. 

We  have  therefore  only  to  consider  variations  in  space. 
Now,  if  we  confine  our  attention  to  one  plane,  we  know  that 
any  variation  of  B's  place  in  that  plane  may  be  represented 
by  a  change  in  the  values  of  ;p  and  6;  where  x  is  B's  distance 
from  A,  and  6  the  angle  which  the  axis  of  x  makes  with  some 
fixed  line  in  the  plane*.  Then  it  is  easy  to  show  that  F  must 
not  vary  with  6,  For  if  it  does,  let  us  suppose  that  when  B 
has  come  to  rest,  and  before  it  is  allowed  to  return,  it  is  made 
to  rotate  about  A  through  an  angle  dd,  and  again  brought  to 

*  We  here  make  no  assumption  except  that  the  force  yaries  as  B's 
position  in  the  plane  varies )  which  is  essential  to  eyery  theory  on  th§ 
subject. 
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rest.  Then  the  circnmstances  of  A  and  B  are  unchanged ; 
for  the  kinetic  energy  given  to  B  during  the  rotation  has  been 
taken  out  again  in  stopping  it.  But  if  B  is  now  allowed  to 
return  towards  A,  then,  for  every  value  of  F  in  the  right-hand 
expression,  the  value  of  Q  will  be  greater  or  less  by  d^,  the 
amount  of  the  change,  than  for  the  corresponding  value  in  the 
left-hand  expression;  and  therefore^  as  before,  the  two  inte- 
grals cannot  be  equal.  Similarly,  if  we  take  coordinates  ^,  5,  ^, 
in  three  dimensions,  it  will  follow  that  F  cannot  be  a  function 

Ofi^. 

Hence  we  are  left  with  the  conclusion  that  F  can  only  be  a 
function  of  r ;  in  other  words,  the  force  with  which  A  acts 
upon  B  always  tends  towards  A,  and  varies,  if  it  varies  at  all, 
according  to  the  distance  from  A  only.  But  this  is  the  defi- 
nition of  a  central  force. 

[The  proof  just  given,  that  F  cannot  vary  with  5,  appears 
quite  general.  But  it  is  easy  to  show*  that  any  particular  law 
of  force  which  can  be  imagined,  other  than  that  of  a  central 
force,  is  inconsistent  with  the  conservation  of  energy.  Thus, 
suppose  the  force  to  vary  according  to  B's  distance  from  some 
other  point  in  the  plane  than  A;  then  that  distance  can  always 
be  expressed  in  terms  of  the  coordinates  of  its  extremities^  and 
therefore  in  an  expression  involving  ^,  which  is  inadmissible. 
Again,  suppose  the  force  to  vary  according  to  the  perpendi- 
cular distance  of  B  from  some  line  in  the  plane.  Then,  if  B 
move  parallel  to  that  line  the  force  is  constant,  while  if  it  be 
perpendicular  it  varies  from  zero;  and  it  is  easy  to  see  that  if 
B  moves  perpendicular  to  that  line,  and  if,  before  it  is  allowed 
to  return,  it  is  rotated  till  the  line  AB  is  parallel  to  that  line, 
then  the  two  integrals  will  not  be  equal.  Again,  suppose  the 
force  to  act  upon  a  certain  line  only,  so  that  when  B  is  oflF 
that  line  no  force  acts  upon  it ;  then,  if  we  suppose  the  return 
journey  made  parallel  to  that  line,  the  energy  on  that  journey 
is  zero.] 

We  have  throughout  taken  F  as  the  force  between  A  and  B, 
resolved  along  the  line  joining  them.  We  have  still  to  con- 
sider the  possibility  of  there  being  another  component  always 
at  right  angles  to  this  line.  This  component,  if  it  exists,  will 
produce  a  rotation  of  B  round  A,  which  will  increase  B's 
kinetic  energy ;  and  as  there  will  be  nothing  to  balance  it,  this 
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increase  will  go  on  for  ever;  so  that  the  conservation  of  energy 
wonid  not  be  true  in  this  case. 

I  have  thus  proved,  I  believe,  the  proposition  with  which  I 
started — namely,  that  the  doctrine  of  central  forces  and  that 
of  the  conservation  of  energy  are  mutually  interdependent,  so 
that  one  is  not  true  without  the  other.  In  general,  as  remarked 
at  the  beginning,  the  existence  of  central  forces  is  assumed, 
and  the  conservation  of  energy  deduced  from  it.  But  ne 
process  may  be  reversed.  The  conservation  of  energy  may 
be  considered  to  rest,  as  a  general  law  of  nature,  on  the  broad 
basis  of  observed  facts,  such  as  the  conversion  of  heat,  elec- 
tricity, chemical  actions,  &c.  into  mechanical  work,  and  the 
reconversion  of  mechanical  work  into  these  other  forms  of 
energy.  There  can  be  no  doubt  that  the  evidence  of  this 
character  is  of  very  great  weight ;  and  I  am  myself  disposed 
to  accept  it  as  conclusive.  But  it  must  be  pointed  out  that, 
unless  the  above  investigation  be  false,  it  involves  our  accept- 
ing a  mechanical  definition  of  matter  substantially  to  the  fol- 
lowing eflfect  * : — "  Matter  consists  of  a  collection  of  centres 
of  force,  acting  upon  each  other  according  to  laws  which  do 
not  vary  with  time  but  do  varj-  with  distance." 

This  conception  of  matter  is  of  course  an  old  one,  being 
that  usually  known  by  the  name  of  Boscovitch.  It  has  not, 
however,  been  generally  accepted  by  writers  on  Mechanics ; 
and  in  recent  times  certain  special  objections  have  been  raised 
against  it,  which  it  seems  well  briefly  to  consider. 

1.  An  objection,  due  to  Professor  Maxwell  f,  is  that  the  con- 
ception does  not  comprise  the  idea  of  inertia,  which  is  a  fun- 
damental fact  with  regard  to  matter.  But  when  we  say  that 
a  body  has  inertia,  we  simply  mean  that  a  finite  force,  acting 
upon  it  for  a  finite  time,  generates  only  a  finite  velocity. 
Hence  it  follows  that  any  body  we  can  see  or  feel,  or  know  and 
investigate  in  any  way,  must  have  inertia;  for  suppose  a  body 
to  possess  no  inertia,  then  the  first  time  any  force  was  applied 
to  it,  it  would  at  once  be  removed  to  an  indefinite  distance, 
and  would  therefore  be  beyond  the  reach  of  investigation.   To 

•  This  definition  has  been  already  given  in  a  pamphlet  entitled  '  The 
Foundations  of  Mechanics '  (Charles  Griffin  and  Co.,  1882). 
t  '  Theory  of  Heat,'  p.  85. 


Digiti 


zed  by  Google 


164       MR.  W.  R.  BROWNE  ON  CENTRAL  FORCES 

say  that  matter  has  inertia  is  therefore  merely  to  assert  the 
general  principle  that  any  thing  our  senses  can  deal  with  must 
be  finite;  and  it  is  therefore  a  condition  anterior  to  any  theory 
of  matter,  not  a  part  of  such  theory. 

2.  An  objection  given  by  Lame  *  is  that  bodies,  and  espe- 
cially homogeneous  crystals,  are  not,  within  the  limits  of 
observation,  denser  at  the  centre  than  they  are  at  the  surface, 
which  on  the  theory  of  central  forces  they  apparently  should 
be.     But  on  this  it  may  be  observed  as  follows. 

It  may  be  admitted  that  collections  of  centres  of  force,  at 
rest  under  tlieir  mutual  actions^  would  be  more  dense  towards 
the  centre.  We  know  no  such  bodies  in  nature.  The  nearest 
approach  to  it  is  the  case  of  bodies  so  large  that  their  mole- 
cular motions,  and  also  their  want  of  homogeneity,  may  be 
neglected  in  comparison  of  their  mass.  But  the  condition  of 
large  bodies  does  appear  to  agree  with  the  theory ;  e.  g,  even 
the  mean  specific  gravity  of  the  earth  (5*6)  is  greater  than  that 
of  all  bodies,  except  a  few  metals,  at  the  surface.  The  want  of 
homogeneity  can  have  little  influence  at  the  temperature  and 
pressure  which  prevail  in  the  interior. 

Again,  it  is  known  that,  in  all  bodies,  the  actual  centres  of 
force  must  be  bound  up  together  in  molecules  so  closely  as  to 
form  coherent  wholes,  which  no  known  force  can  change  or 
break  up.  The  relations  in  a  crystal  therefore  are  not  those 
among  separate  centres  of  force,  but  among  separate  molecules. 

Again,  these  molecules,  being  hot,  are  in  rapid  and  conti- 
nuous motion. 

Lastly,  the  laws  of  the  forces  of  cohesion,  whether  in  the 
interior  of  a  molecule  or  between  one  molecule  and  another, 
are  unknown. 

In  such  circumstances,  can  it  be  held  impossible  that  there 
should  be  laws  of  distribution  of  force  such  that  in  small 
bodies  like  crystals  the  difference  in  density  at  the  centre  and 
surface  should  be  insensible  ?  Lam^  does  not  attempt  to  give 
any  rigid  proof  that  the  uniform  density  of  crystals  (even  if 
accurately  true)  is  really  incompatible  with  the  theory  of 
central  forces.  It  is  therefore  merely  a  presumption,  and  a 
presumption  which  seems  seriously  weakened  by  the  fore- 

^  Elasticity  des  Corps  solideSf  p.  333. 
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going  considerations  ;  it  cannot  therefore  be  allowed  to  have 
any  weight  as  against  actual  evidence. 

3.  An  objection,  due  to  Prof.  Tait,  is  that  we  have  no  right 
to  assume  that  force  has  any  objective  existence  at  all,  or  is 
any  thing  more  than  the  rate  of  change  of  motion — and  that 
in  fact  it  cannot  have  an  objective  existence,  because  it  can  be 
aifected  with  a  positive  or  negative  sign.  But,  with  regard 
to  the  first  part  of  this  objection,  a  force  is  defined  in  Mecha- 
nics simply  as  a  cause  of  motion ;  and  therefore  the  remark  is 
a  mere  denial  of  the  general  principle  of  causation.  This  is 
not  the  place  to  discuss  the  truth  of  that  principle ;  but  it 
may  be  observed  that  it  is  perhaps  almost  the  only  principle 
which  may  claim  to  have  been  accepted  by  all  thinkers  of  all 
schools  and  in  all  ages.  With  regard  to  the  second  part  of 
the  objection,  the  circumstance  that  a  force,  or  rather  the 
symbol  of  a  force,  may  be  affected,  for  purposes  of  calculation, 
with  a  +  or  —  sign  is  simply  due  to  the  fact  that  a  force 
has  a  definite  sense,  or  direction  ;  and  that  direction  is  one  of 
the  properties  of  things  to  which  the  conception  of  positive  and 
negative  may  properly  be  applied.  For  the  samfe  reason  lines 
may  be  represented  as  +  or  — ,  as  in  algebraical  geome- 
try; but  they  are  not  therefore  regarded  as  non-existent. 
Nor  is  direction  the  only  fact  to  which  the  conception  applies; 
e.  g.  in  treatises  on  algebra  it  is  often  pointed  out  that  capital 
may  be  taken  as  positive  and  debt  as  negative.  Will  it  there- 
fore be  argued  that  money  has  no  real  existence  ? 

4.  In  some  quarters  an  objection  appears  to  be  felt  to  the 
theory  of  central  forces,  on  the  ground  that  it  involves  the 
conception  of  action  at  a  distance,  which  is  supposed  to  be 
"  unthinkable.^'  I  am  not  aware  that  the  term  "  unthinkable," 
which  is  a  new  one,  has  ever  been  defined.  Until  it  has  been, 
it  is  impossible  to  say  whether  action  at  a  distance  is  un- 
thinkable, or  whether  the  fact  of  a  conception  being  unthink- 
able is  sufficient  reason,  or  any  reason,  for  holdmg  it  to  be 
untrue. 

It  seems  desirable,  before  leaving  the  subject,  to  say  a  few 
words  upon  a  theory  which  has  been  set  up  as  a  rival  to  that 
of  central  forces,  and  in  some  quarters  has  met  with  consider- 
able favour.  This  theory  supposes  that  bodies  can  act  on  each 
other  only  when  in  absolute  contact;  and  that  all  the  pheno- 
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mena  of  the  universe  may  be  accouDted  for  by  the  knockings 
together  of  a  number  of  ultimate  atoms,  considered  as  very 
small  impenetrable  bodies,  moving  with  high  velocities  in 
space. 

It  might  be  urged  that  before  such  a  theory  can  be  seriously 
discussed,  it  must  be  shown  capable  of  explaining  (as  the 
theory  of  central  forces  certainly  does  explain)  the  facts  and 
principles  of  Mechanics.  I  am  not  aware  that  this  has  been 
done.  I  may,  however,  point  out  that  the  theory  is  not  incon- 
sistent with  the  conservation  of  energy  ;  that  is  to  say,  it  can 
be  reconciled  with  it  by  certain  special  assumptions.  For  the 
proof  of  that  principle,  as  given  above,  does  not  necessarily 
imply  that  the  forces  acting  are  continuous.  If  the  attraction 
of  A  be  supposed  to  act  on  B  by  equal  impulses  at  certain 
intervals  of  space,  or  distances  from  A,  which  distances  remain 
always  the  same,  then  the  proof  will  still  hold  ;  for  B  will  be 
acted  upon  by  exactly  the  same  number  of  impulses,  and  at 
exactly  the  same  places,  on  its  return  journey  as  on  its  outward 
journey,  and  the  effects  will  therefore  be  the  same.  Now  the 
"  collision  "  theory  above  mentioned  may  be  taken  to  repre- 
sent the  extremest  possible  case  of  this  discontinuous  action — 
there  being  then  but  one  impulse,  and  that  acting  when  A  and 
B  are  in  absolute  contact. 

Let  us,  however,  consider  the  assumptions  involved,  if  the 
conservation  of  energy  is  to  hold  in  this  extreme  case.  Imagine 
two  "  ultimate  atoms,"  of  equal  mass,  to  meet  each  other  with 
equal  velocities  in  the  same  straight  line.  This  is  clearly  a 
possible  case  under  the  theory;  and  the  conservation  of  energy 
must  therefore  be  consistent  with  it.  Then  the  instant  before 
the  atoms  meet  they  have  no  action  upon  each  other,  and  the 
instant  after,  by  symmetry,  they  must  either  be  at  rest  or 
must  have  passed  through  one  another.  As  the  latter  is  con- 
trary to  the  hypothesis,  they  must  be  at  rest.  Hence  a  finite 
mass  moving  with  a  finite  velocity  has  been  brought  to  rest 
in  a  space  infinitely  small ;  and  therefore  the  impulse  acting 
upon  it  must  have  been  strictly  infinite  in  amount.  This  col- 
lision therefore  (and  it  is  easily  seen  that  the  same  will  be  true 
of  all  collisions)  occasions  the  instantaneous  development  of  a 
strictly  infinite  force.  The  atoms  being  brought  to  rest,  there 
is  no  reason  to  be  given  why  any  thing  further  should  happen. 
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Bat  we  mnst  assume  it  as  an  axiom  that  a  farther  mutnal  im- 
pulse is  then  given,  sufficient  (if  the  bodies  are  supposed  per- 
fectly elastic)  to  cause  each  to  return  on  its  path  with  a  velocity 
exactly  equal  to  that  with  which  it  arrived.  This  further  impulse 
must  also  be  instantaneous  and  infinite  ;  for,  force  being  the 
cause  of  motion,  if  the  impulse  were  finite  it  would  at  once 
cause  the  bodies  to  separate  through  an  indefinitely  small 
space,  and  then,  ex  hyp.^  no  farther  action  could  take  place,  and 
the  bodies  would  recede  from  each  other  with  indefinitely  small 
velocities.  If,  then,  we  make  these  three  assumptions — (1)  that 
there  is  an  infinite  impulse  developed  on  the  collision,  which 
brings  the  atoms  to  rest,  (2)  that  there  is  a  further  infinite 
impulse,  which  separates  them,  (3)  that  this  further  impulse, 
while  infinite,  is  such  as  exactly  to  reverse  the  previous  motion 
of  each  particle — then  the  conservation  of  energy  may  still  be 
supposed  to  hold  through  the  collision. 

It  remains  to  ask  whether  there  are  any  advantages  in  the 
collision  theory  such  as  would  warrant  us  in  discarding  the 
principle  of  continuity,  and  in  making  the  somewhat  vio- 
lent assumptions  described  above.  The  advantages  specially 
claimed  by  its  advocates  appear  to  be  that  it  does  away  with 
the  conception  of  action  at  a  distance,  and  also  with  that  of 
potential  energy.  The  latter  supposition,  however,  is  not  cor- 
rect. At  the  instant  when  the  two  atoms  are  at  rest  their 
actual  energy  is  zero,  and  the  energy  existing  is  entirely 
potential^  being  due  to  their  capacity  of  generating  a  return 
velocity  equal  to  that  of  arrival.  Of  the  former  supposition  I 
have  already  spoken;  and  I  may  add  that  I  have  elsewhere* 
shown  it  to  be  impossible  to  explain  certain  elementary  facts 
oTphysics  without  the  hypothesis  of  action  at  a  distance. 


XVIII.   The  Electrical  Resistance  of  Selenium  Cells, 
By  Shelford  Bid  WELL,  M.A.j  LL.B.'f 

In  June  1881  a  paper  was  read  before  the  Physical  Society 
by  Dr.  Moser,  on  "the  Microphonic  Action  of  Selenium 
Cells."     In  this  paper  a  very  ingenious  attempt  was  made  to 

•  "On  Action  at  a  Distance,"  Phys.  Soc.  1881 ;  Pliil.  Mag.  Dec.  1880. 
t  Read  November  25,  18:^2. 
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show  that  the  effect  of  light  in  reducing  the  electrical  resist- 
ance of  selenium  might  be  accounted  for  on  perfectly  well 
understood  principles,  without  assuming  the  existence  in  the 
case  of  this  substance  of  some  law  or  property  sui  generis  and 
hitherto  unobserved. 

Dr.  Moser's  theory  is  shortly  as  follows : — There  is  always 
imperfect  contact  between  the  metallic  electrodes  and  the 
selenium  which  together  constitute  a  so-called  "selenium 
cell.''  Selenium  reflects  the  invisible  portions  of  the  spec- 
trum, absorbing  principally  the  visible  or  illuminating  rays  : 
the  vibrations  thus  taken  up  assume  the  form  of  heat;  and  the 
temperature  of  the  selenium  cell  is  thereby  raised*.  In  con- 
sequence of  this  rise  of  temperature  the  selenium  expands ;  it 
is  accordingly  pressed  into  closer  contact  with  the  electrodes, 
and,  as  in  the  case  of  the  microphone,  the  resistance  of  the 
system  is  proportionately  diminished.  When  the  cell  is 
screened  from  the  light,  the  absorbed  heat  is  quickly  radiated 
away ;  the  selenium  contracts  to  its  former  volume,  and  the 
original  degree  of  resistance  is  restored.  Thus,  according  to 
Dr.  Moser's  paper,  the  whole  mystery  is  easily  and  completely 
explained. 

This  theory  can  evidently  be  submitted  to  a  very  simple 
and  conclusive  test.  If  it  is  true  that  the  observed  effects  are 
due  merely  to  a  rise  of  temperature,  then  it  is  clearly  imma- 
terial whether  such  rise  of  temperature  is  brought  about  by 
the  heating  action  of  light  or  by  the  direct  application  of  heat 
in  the  ordinary  way.  Instead  of  exposing  a  selenium  cell  to 
the  light,  let  it  be  enclosed  in  a  dark  box  and  warmed  over  a 
gas-burner ;  then,  if  the  theory  be  correct,  the  resistance  of 
the  cell  should  at  once  begin  to  fall.  This,  however,  is  not 
found  to  be  the  case.  I  have  in  my  possession  a  number  of 
selenium  cells  the  resistance  of  which  is  immediately  dimi- 
nished by  the  smallest  accession  of  light ;  but  in  the  case  of 
all  of  them  (except  one,  of  which  I  shall  say  more  presently) 
the  immediate  effect  of  the  direct  application  of  heat  is  not  a 
a  fall,  but  a  rise  in  the  resistance.  When  the  temperature  of 
the  cell  reaches  a  point  which  is  in  general  a  few  degrees 
higher  than  the  average  temperature  of  the  air  a  maximum 

*  *'  Selenium,*^  Dr.  Moser  says,  "  is  heated  by  lighi:' 
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resistance  is  attained ;   and  if  the  heating  is  continued^  the 
resistance  begins  to  decrease. 

I  gave  a  short  account  of  this  phenomenon  in  the  '  Philoso- 
phical Magazine '  of  April  1881.  Since  this  was  published,  I 
have  made  further  and  very  careful  experiments,  the  results 
of  which  are  shown  in  the  curves,  figs.  1,  2,  and  3. 
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A  selenium  cell  was  placed  in  an  air-bath  in  absolute  dark- 
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ness,  the  bulb  of  a  thermometer  being  very  near  its  surface. 
The  temperature  of  the  air  was  17°  C,  and  the  resistance  of 
the  cell  at  the  beginning  of  the 
experiment  was  140,000  ohms. 
The  bath  was  then  very  slowly 
heated,  and  the  resistance  mea- 
sured at  every  degree.  At  first 
the  rise  was  very  rapid  (see  fig.  1); 
then  more  gradual  until  the  tem- 
perature reached  23°,  when  the 
maximum  resistance  of  150,000 
ohms  was  attained.  With  conti- 
nued heating  the  resistance  fell, 
slowly  at  first,  then  more  rapidly, 
then  again  slowly  (as  sho^Ti  by 
the  curve),  the  final  measurement 
at  100°  being  only  16,000  ohms*. 

The  same  cell  was  afterwards 
submitted  to  the  combined  action 
of  heat  and  light.  A  glass  beaker 
was  fitted  with  a  wooden  cover, 
to  which  the  selenium  cell  was 
attached  so  as  to  hang  perpen- 
dicularly inside  the  beaker  ;  the  beaker  was  placed  in  a  sand- 
bath  which  was  heated  by  a  Bunsen  burner,  and  the  cell  was 
illuminated  by  a  powerful  paraffin-lamp  at  a  distance  of  30 
centimetres. 

At  18°  its  resistance  was  only  19,000  ohms  (see  fig.  2).  As 
in  the  former  case,  the  first  application  of  heat  was  accom- 
panied by  a  rise,  though  smaller  and  more  gradual  than  before, 
the  maximum  of  24,000  ohms  occurring  at  about  29°.  The 
fall  which  followed  was  also  very  gradual,  the  resistance  at 
100°  being  10,000  ohms,  or  only  14,000  less  than  the  maxi- 
mum, as  against  a  difference  of  140,000  in  the  former  expe- 
riment. 

In  these  experiments  it  might  po&sibly  be  suspected  that 
the  initial  small  rise  of  resistance  is  due  to  some  accidental 
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*  When  the  cell  was  removed  from  the  air-bath,  its  resistance  in  the 
dark  in  air  at  18^  was  found  to  have  increased  to  90,000  ohms. 
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disturbing  cause^  and  does  not  point  to  any  essential  charac- 
teristic of  selenium^  or  rather  perhaps  of  selenium  cells.  The 
following  experiment  seems,  however,  to  settle  the  point  con- 
clusivelj.  One  of  my  selenium  cells  (the  exceptional  one 
above  referred  to)  did  not  at  ordinary  temperatures  exhibit 
this  peculiarity..  When  heated,  its  resistance  at  once  went 
down  without  any  preliminary  rise.  This  cell  was  placed  in 
air  at  a  temperature  of  0^,  and  after  remaining  for  half  an 
hour  its  resistance  was  found  to  be  147,000  ohms.  The  tem- 
perature was  then  slowly  raised ;  and,  as  I  expected,  the  resist- 
ance at  first  went  up,  attaining  a  maximum  of  219,000  ohms 
at  13°,  after  which  it  went  down  to  134,000  ohms  at  36°,  when 
the  experiment  was  stopped.  The  curve  fig.  2,  which  is  on 
the  same  scale  as  the  others,  shows  the  results  in  a  very  stri- 
king manner,  altogether  excluding  the  possibiliiy  of  accidental 
disturbance.  This  particular  cell  differed  from  others  only  in 
the  fact  that  it  acquired  its  maximum  resistance  at  a  tempe- 
rature slightly  below  instead  of  slightly  above  the  average 
temperature  of  the  air. 

The  supposition  that  light  produces  its  effect  by  heating  is 
further  negatived  by  the  fact,  that  a  comparatively  high 
degree  of  temperature  is  required  to  bring  down  the  resistance 
of  the  cell  to  the  point  to  which  it  is  instantly  reduced  by  ex- 
posure to  a  strong  light.  When  a  selenium  cell  is  for  a 
moment  exposed  to  sunlight,  it  does  not  become  perceptibly 
warm  to  the  touch  ;  but  the  amount  of  dark  heat  necessary  to 
effect  the  same  reduction  in  its  resistance  as  is  caused  by 
a  moment's  sunshine  would  certainly  render  it  too  hot  to 
handle. 

Again,  those  who  have  experimented  with  the  photophone 
know  well  that  the  best  results  are  obtained  only  when  pre- 
cautions are  taken  to  exclude  those  rays  which  are  especially 
instrumental  in  producing  heat,  as  by  filtering  the  beam  of 
light  through  a  solution  of  alum.  Dark  radiation  does  indeed 
per  86  diminish  the  resistance  of  selenium ;  but  the  diminu- 
tion due  to  dark  radiation  is  to  some  extent  masked  by  the 
rise  of  temperature  which  accompanies  it,  and  which  gene- 
rally tends  to  produce  the  opposite  efiect. 

To  me  it  seems  clear  that  the  electrical  efiects  of  radiation 
are,  in  this  case  at  least,  no  more  due  to  the  intermediate 
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action  of  temperature  than  are  the  chemical  effects  which 
radiation  sometimes  produces^  as  in  the  various  photographic 
processes.  All  such  effects  are  no  doubt  ultimately  of  a  mecha- 
nical nature;  but  while  increased  temperature  may  result  from 
vibrations  the  periodicity  of  which  varies  between  very  wide 
limits^  the  other  effects  arise  only  when  there  is  some  more 
or  less  definite  relation  between  the  period  of  the  aether-waves 
and  the  molecular  constitution  of  the  substance  upon  which 
they  act. 

In  its  peculiar  sensitiveness  to  the  visible  part  of  the  spec- 
trum selenium  seems,  so  far  as  our  present  knowledge  goes, 
to  stand  almost^  if  not  quite,  alone*. 

Riverstone  Lodge,  Southfields, 
Wandsworth,  S.W. 


XIX.    On  the  Graphic  Representation  of  the  Law  of  Ejficiency 
of  an  Electric  Motor.  By  Professor  Silvanus  P.  Thompson. 

(1)  Various  graphic  constructions  have  been  given  at  dif- 
ferent times  to  represent  the  work  performed  by  an  electric 
motor  and  the  electric  energy  expended  upon  it.  The  main 
defect  of  those  hitherto  given  has  been  that  they  present 
these  quantities  in  such  a  manner  that  a  comparison  of  the 
two,  which  would  show  the  efficiency  of  working  of  the  motor, 
is  not  immediately  evident.  Moreover  it  has  not  been  possible 
hitherto  to  show  on  one  construction  both  the  law  of  maximum 
rate  of  working  and  the  law  of  efficiency.  The  following  con- 
struction makes  them  evident  to  the  eye. 

Let  the  vertical  line  A  B  (fig.  1 )  repre- 
sent the  electromotive  force,  E,  of  the 
electric  supply  when  the  motor  is  at  rest. 
On  A  B  construct  a  square  A  B  C  D,  of 
which  the  diagonal  BD  may  be  drawn. 
Now  measure  out  from  the  point  B,  along 
the  line  BA,  the  counter  electromotive  ^ 
force  of  the  motor  e\  this  quantity  will  in- 
crease as  the  velocity  of  the  motor  increases. 

•  So  far  as  regards  Dr.  Moser's  application  of  his  theory  to  the  carbon 
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Let  e  attain  the  value  B  F.  Let  us  inquire  what  the  actual 
current  will  be,  and  what  the  energy  of  it ;  also  what  the  work 
done  by  the  motor  is. 

First  complete  the  construction  as  follows : — ^Through  F 
draw  FGH  parallel  toBC,  and  through  G  draw  KGL 
parallel  to  A  B.  Then  the  actual  electromotive  force  at  work 
in  the  machine  producing  a  current  is  E— e,  which  may  be 
represented  by  any  of  the  lines  AF,  KG,  GH,  or  LC. 
Now  the  electric  energy  expended  per  second  is  EC  ;  and 
.  ^  E-^ 
since  C=-2R^  B(E-^ 

and  the  work  absorbed  by  the  motor,  measured  electrically^  is 
g(E-g) 
2R 
2R  being  a  constant,  the  values  of  the  two  may  be  written 
respectively 

E(E-«) 
and 

<E-^). 

Now  the  area  of  the  rectangle 

AFflD=E(E-^), 
and  that  of  the  rectangle 

GLCH=<E-^). 

The  ratio  of  these  two  areas  on  the  diagram  is  the  efficiency  of  a 
perfect  motor y  under  the  condition  of  a  given  constant  electro^ 
motive  force  in  the  electric  supply, 

(2)  So  far  we  have  assumed  that  the  efficiency  of  a  motor 
(working  with  a  given  constant  external  electromotive  force) 
is  to  be  measured  electrically.  But  no  motor  actually  converts 
into  useful  mechanical  effect  the  whole  of  the  electric  energy 
which  it  absorbs,  since  part  of  the  energy  is  wasted  in  friction 
and  part  in  wasteful  electromagnetic  reactions  between  the 
stationary  and  moving  parts  of  the  motor.     If,  however,  we 

photophone  of  Messis  Bell  and  Tainter,  I  entirely  agree  with  him ;  my 
own  experiments  showing  concluavelj  that  the  effects  are  due  to  heat 
only.  But  the  best  carbon  cells  are  vastly  inferior  in  their  action  to  those 
of  selenium. 
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consider  the  motor  to  be  a  perfect  engine  (devoid  of  friction, 
not  producing  wastefal  Foucault  currents,  running  without 
sound,  giving  no  sparks  at  the  collecting-brushes,  &c.),  and 
capable  of  turning  into  mechanical  eflPect  100  per  cent,  of  the 
electric  energy  which  it  absorbs,  then,  and  then  only,  may  we 
take  the  electrical  measure  of  the  work  of  the  motor  as  being 
a  true  measure  of  its  performance.  Such  a  "  perfect "  elec- 
tric engine  would,  like  the  ideal  "perfect"  heat-engine  of 
Carnot,  be  perfectly  reversible.  In  Camot's  heat-engine  it  is 
supposed  that  the  whole  of  the  heat  actually  absorbed  in  the 
cycle  of  operations  is  converted  into  useful  work;  and  in  this 
case  the  efficiency  is  the  ratio  of  the  heat  absorbed  to  the  total 
heat  expended.  As  is  well  known,  this  efficiency  of  the  per- 
fect heat-engine  can  be  expressed  as  a  function  of  two  absolute 
temperatures,  namely  those  respectively  of  the  heater  and  of 
the  refrigerator  of  the  engine.  Camot's  engine  is  also  ideally 
reversible  ;  that  is  to  say,  capable  of  reconverting  mechanical 
work  into  heat. 

The  mathematical  law  of  efficiency  of  a  perfect  electric 
engine  illustrated  in  the  above  construction  is  an  equally  ideal 
case.  And  the  efficiency  can  also  be  expressed,  when  the 
constants  of  the  case  are  given,  as  a  function  of  two  electro- 
motive forces.    We  shall  return  to  this  comparison  a  little  later. 

The  Law  of  Maximum  Rate  of  Working  (Jacobi) . 

(3)  Let  us  next  consider  the  area  G  L  C  H  of  the  diagram 
(fig.  2),  which  represents  the  work  utilized  in  the  motor.     The 
value  of  this  area  will  vary  with  the  posi- 
tion of  the  point  G,  and  will  be  a  maximum  ^^' 
when  G  is  midway  between  B  and  D ;  for 
of  all  rectangles  that  can  be  inscribed  in 
the  triangle  BCD,  the  square  will  have 
maximum  area  (fig,  2).     But  if  G  is 
midway  between  B  and  D,  the  rectangle 
G  L  C  H  will  be  exactly  half  the  area  of 
the  rectangle  AFHD;  or,  the  useful 
work  is  equal  to   half  the  energy  ex- 
pended.    When  this  is  the  case^  the  counter  electromotive 
force  reduces  the  current  to  half  the  strength  it  would  have 
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if  the  motor  were  at  rest;  which  is  Jacobi's  law  of  the  effi- 
ciency of  a  motor  doing  work  at  its  greatest  possible  rate. 

Law  of  Maximum  Ejfficiency. 

(4)  Again,  consider  these  two  rectangles  when  the  point  G 
moves  indefinitely  near  to  D  (fig.  3). 
We  know  from  common  geometry  that  ^^^'  ^' 

the  rectangle  G  L  C  H  is  equal  to  the 
rectangle  A  F  G  K.  The  area  (square) 
K  G  H  D,  which  is  the  excess  of  A  F  H  D 
over  A  F  G  K,  represents  therefore  the 
electric  energy  which  is  wasted  in  heat- 
ing the  resistances  of  the  motor.  That 
the  efficiency  should  be  a  maximum  the 
heat-waste  must  be  a  minimum.  The 
ratio  of  the  areas  A  F  H  D  and  G  L  C  H,  which  represents  the 
efficiencj",  can  therefore  only  become  equal  to  unity  when  the 
square  KGHD  becomes  indefinitely  small — ^that  is,  when 
the  motor  runs  so  fast  that  its  counter  electromotive  force  e 
diflpers  from  E  by  an  indefinitely  small  quantity  only. 

Further,  it  is  clear  that  if  our  diagram  is  to  be  drawn  to 
represent  any  given  efficiency  (for  example,  an  efficiency  of 
90  per  cent.),  then  the  point  G  must  be  taken  so  that  area 
GL  C  H  =  /<j  area  A  F  H  D  ;  or,  G  must  be  ^  of  the  whole 
distance  along  from  B  towards  D.  This  involves  that  e  shall 
be  equal  to  ^  of  E;  which  expresses  geometrically  the  law  of 
maximum  efficiency. 

It  is  strange  that  even  in  many  of  the  accepted  text-books 
this  law  is  ignored  or  misunderstood.  It  is  indeed  frequent 
to  find  Jacobi's  law  of  maximum  rate  of  working  stated  as  the 
law  of  efficiency.  Yet  as  a  mathematical  expression  the  law 
has  been  known  for  many  years.  It  is  implicitly  contained 
in  more  than  one  of  the  memoirs  of  Joule  ;  it  is  implied  also 
in  more  than  one  passage  of  the  memoirs  of  Jacobi*;  it  exists 

*  Jacobi  seems  very  clearly  to  have  understood  that  his  law  was  a  law 
of  maximum  working,  but  not  to  have  understood  that  it  waB  not  a  law 
of  true  economical  efficiency.  In  one  passage  (Atmales  de  Chimie  et  de 
Physique^  t.  zxxiv.  (1852)  p.  480)  he  says : — '^  Le  travail  m^canique  maxi- 
mum, ou  phUdt  Veffei  Sconomiqtte,  n'est  nullement  compliqu^  avec  ce  que 
M.  MiiUer  appelle  les  circonstances  sp^fiques  des  moteurs  ^ectromag- 
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in  the  Thdorie  M4canique  de  la  Chaleur  of  Verdet*.  Yet  it 
remained  a  mere  mathematical  abstraction  until  its  significance 
was  pointed  out  three  or  four  years  ago  by  Siemens. 

(5)  Further,  if  the  motor  be  not  a  "  perfect "  one,  but  one 
whose  intrinsic  efficiency,  or  efficiency  per  se,  is  known,  the 
actual  mechanical  work  performed  by  the  motor  can  be  repre- 
sented on  the  diagram  by  simply  retrenching  from  the  rect- 
angle G  L  0  H  the  fraction  of  work  lost  ii^  friction  &c.  Simi- 
larly, in  the  case  where  the  electric  energy  expended  has 
been  generated  in  a  dynamo-electric  machine  whose  intrinsic 
efficiency  is  known,  the  total  mechanical  work  expended  can 
be  represented  by  adding  on  to  the  area  A  F  H  D  the  propor- 
tion spent  on  useless  friction  &c.  To  make  the  diagram  still 
more  expressive,  we  may  divide  the  area  K  G  H  D  into  slices 
proportional  to  the  several  resistances  of  the  circuit ;  and  the 
areas  of  these  several  slices  will  represent  the  heat  wasted  in 
the  respective  parts  of  the  circuit.     These  points  are  exempli- 

n^tiques."  Yet,  though  here  there  is  apparently  a  confusion  between  the 
two  very  different  laws,  in  a  preceding  part  of  the  very  same  memoir 
Jacobi  says  (p.  466) : — ^'En  divisant  la  quantity  de  travail  par  la  d^pense 
(de  zinc),  on  obtient  une  expression  trds-importante  dans  la  m^anique 
industrielle :  c'est  Teffet  ^conomique,  ou  ce  que  les  Anglais  appellent 
duty,**  Here,  again,  is  a  singular  confusion.  The  definition  is  perfect ;  but 
'^effet  ^conomique"  is  not  the  same  thing  as  the  maximum  power. 
Jacobi's  law  is  not  a  law  of  maximum  efficiency,  but  a  law  of  maximum 
power ;  and  that  is  where  the  error  creeps  in.  It  is  significant,  in  suggesting 
the  cause  of  this  remarkable  conflict  of  ideas,  that  throughout  this  memoir 
Jacobi  speaks  of  work  as  being  the  product  of  force  and  velocity,  not  of 
force  and  displacement.  The  same  mistake— common  enough  amongst 
continental  writers — ^is  to  be  found  in  the  accounts  of  Jacobi's  law  given 
in  Verdet's  Thiorie  micamque  de  la  Chcdeur^  in  Miiller's  Lehrhuch  der 
Thysikf  and  even  in  Wiedemann's  Galvanisniw,  Now  the  product  of 
force  and  velocity  is  not  work,  but  work  divided  by  time — ^that  is  to  say, 
rate-of- working,  or  "power."  This  may  account  for  the  widely-spread 
£Edlacy.  Jacobi  makes  another  curious  ^p  in  the  memoir  above  alluded 
to  (p.  463),  by  supposing  that  the  sti-ength  of  the  current  can  only 
become  =0  when  the  motor  runs  at  an  ir^nite  speed.  We  all  know  now 
that  the  current  will  be  reduced  to  zero  when  the  counter  electromotive 
force  of  the  motor  equals  that  of  the  external  supply;  and  if  this  is  finite, 
the  velocity  of  the  motor,  if  there  is  independent  magnetism  in  its  magnets, 
need  also  only  be  finite.  This  error — ^also  to  be  found  in  Verdet — seems 
to  have  thrown  the  latter  off  the  track  of  the  true  law  of  efficiency,  and 
to  have  made  him  fall  back  on  Jacobi's  law. 
•  Verdet,  OSuvres,  t.  ix.  p.  174. 
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fied  in  fig.  4,  which  represents  the  transmission  of  power 
between  two  dynamos,  each  supposed  to  have  an  intrinsic  effi- 
ciency of  80  per  cent.,  each  having  500  ohms  resistance, 
working  through  a  line  of  1000  ohms  resistance,  the  electro- 
motive force  of  the  machine  used  as  generator  being  2400 
volts,  and  the  counter  electromotive  force  of  the  machine  used 
as  motor  being  1600  volts. 

The  entire  upper  area  repre- 
senls  the  total  mechanical  work 
expended.  Call  this  100,  and  it 
is  expended  as  follows  : — a  =  20, 
lost  by  friction  &c.  in  the  generator; 
&=6f,  lost  in  heating  generator; 
c«=13^,  lost  in  heating  line-wires; 
d=6f,  lost  in  heating  motor;  «=10f,  lost  in  friction  in  the 
motor;  t£>=42§  is  the  percentage  realized  as  useful  mechanical 
work. 

(6)  The  advantage  derived  in  the  case  of  the  electric  trans- 
mission of  power  from  the  employment  of  very  high  electro- 
motive forces  in  the  two  machines  is  also  deducible  from  the 
diagram. 

Let  fig.  3,  given  above,  be  taken  as  representing  the  case 
where  E  is  100  volts  and  e  80  volts.  Now  suppose  the  resisi^ 
ances  of  the  circuit  to  remain  the  same  while  E  is  increased  to 
200  volts  and  ^  to  180     ^  ^g-^. 

volts,  (This  can  be 
accomplished  by  in- 
creasing the  speed  of 
both  machines  to  the 
requisite  degrees.)  E  —  « 
is  still  20  volts,  and  the 
current  will  be  the  same 
as  before.  Fig.  5  re- 
presents this  state  of 
things.  The  square 
K  G  H  D  which  repre- 
sents the  heat-waste  is 
the  same  size  as  befoer; 
but  the  energy  spent  is  twice  as  great,  and  the  usefuf  work 
done  is  more  than  twice  as  great  as  previously.     High  elec- 
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tromotive  force  therefore  means  not  only  a  greater  qnantiiy 
of  power  transmitted^  but  a  higher  efficiencj  of  transmission 
also.  The  efficiency  of  the  system  in  the  case  of  fig.  3 
was  80  per  cent.;  in  the  case  of  fig.  5  it  is  90  the  dj-namos 
used  being  supposed  "perfect");  and  whilst  double  energy 
is  expended;  the  useful  return  has  risen  in  the  ratio  of  9 
to  4. 

(7)  So  far  it  has  been  supposed  that  the  resistance  of  the 
system  is  a  constant  quantity.  But  it  is  possible  to  construct 
diagrams  in  which  changes  of  resistance  are  taken  into 
account.  All  that  is  necessary  is  to  vary  the  scale  of  the 
diagram,  the  linear  unit  of  scale  being  chosen  inversely  pro- 
portional to  the  square  root  of  the  total  resistance.  This  will 
make  the  areas  of  the  diagrams  inversely  proportional  to  the 
resistances  in  the  different  cases^  as  required  by  the  law  that 

the  energy  of  the  current  is  proportional  to  p-. 

An  example  in  which  this  rule  is  applied  is  the  following. 
It  can  be  shown  that  the  power  transmitted  and  efficiency  of  a 
transmitting  system  are  increased  by  doubling  the  number  of 
coils  in  the  armatures  of  the  machines.  This  is  not  at  first  sight 
self-evident;  for  though^  cceteris  parUmSy  this  doubles  the  elec- 
tromotive force  of  the  machines,  it  also  doubles  their  resistances. 
Let  fig.  6  be  the  diagram  for  a  trans- 
mitting system,  where  «  =  fB,  and 
in  which  these  values  are  both  going 
to  l)e  doubled  by  doubling  the  num- 
ber of  armature-coils.  There  are 
two  cases  to  consider: — (a)  first, 
where  the  line-resistance  is  very 
small  compared  with  that  of  the 
two  machines;  (6)  second,  where 
the  line-resistance  is  very  large  compared  with  that  of  the 
two  machines. 

(d)  In  the  former  case,  where  we  neglect  the  resistance  of 
the  line,  we  must  draw  a  diagram  diminishing  the  linear  unit 

of  scale  to  —^  of  its  value.     But  as  on  this  scale  we  are  going 

to  represent  doubled  electromotive  forces,  the  actual  figure 
will  have  to  be  ^/^  times  as  large  as  fig.  6.     Draw,  then,  the 


Fig.  6. 


•0 


Digiti 


zed  by  Google 


OF  THE  LAW  OF  EFFICIENCY  OF  AN  ELECTRIC  MOTOR.    179 


fig,    7,    taking   as    side   of    the  Fig.  7. 

square  a  line  equal  to  the  dia- 
gonal of  fig.  6,  and  we  obtain 
a  diagram  in  which,  while  the 
efficiency  is  the  same  as  before, 
the  actual  quantity  of  work 
efiected  in  unit  time  is  doubled. 
For  the  areas  representing  re- 
spectively energy  expended,  work 
done,  and  heat-waste  are  in  fig.  7 

double  of  those  in  fig.  6.  But  no  such  case  can  occur  in  prac- 
tice, as  the  line  must  have  some  resistance.  Then  doubling 
the  number  of  coils  of  the  machines  will  not  cut  down  the  scale 
so  greatly  as  we  have  supposed;  and  the  work  transmitted  will 
be  more  than  doubled.  Further,  if  the  number  of  coils  on  the 
machine  used  as  motor  be  a  little  more  than  doubled,  a  higher 
efficiency  will  be  attained;  since  then  the  area  of  the  square 
K  G  H  D  will  be  further  diminished,  while  the  scale  on  which 
the  diagram  is  drawn  will  only  be  very  slightly  diminished. 
If  diminished,  as  shown  by  the  dotted  lines,  so  that  ^— E  has 
the  same  value  as  before,  the  efficiency  will  be  a  little  less  than 
doubled,  the  power  transmitted  remaining  as  at  first. 

(6)  If  the  case  where  p-    g 

the  line-resistance  is  very  200 
great  as  compared  with  iso 
the  resistances  of  the 
machines  be  taken,  we 
find  that  doubling  the 
number  of  the  coils  of 
the  two  machines  will 
double  their  respective 
electromotive  forces, 
without  altering  appre- 
ciably the  total  resistance 
or  the  scale  of  the  dia- 
gram. To  represent  this 
change  relatively  to  fig.  6,  we  must  reconstruct  that  figure, 
doubling  its  linear  dimensions  each  way,  as  in  fig.  8.  It  is 
at  once  evident  that  the  power  transmitted  is  increased  four- 
fold, while  the  efficiency  remains  the  same.    If  we  increase  the 
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number  of  coils,  as  before,  on  the  machine  at  the  receiving 
'end  of  the  line  so  as  to  bring  up  the  diflference  B— g  to  the 
value  it  had  in  fig.  6,  the  scale  of  the  diagram  will  still  be 
unaltered;  the  power  transmitted  will  be  now  only  double 
instead  of  quadruple;  but  the  efficiency  will  thereby  be  more 
than  doubled,  the  heat-waste  being  the  same,  and  the  energy 
utilized  more  than  twice  as  great.  High  electromotive  force 
is  therefore  advantageous  in  both  cases,  especially  in  the  case 
of  a  great  resistance  in  the  line. 

(8)  It  only  remains  to  point  out  a  curious  contrast  that 
presents  itself  between  the  efficiency  of  a  perfect  heat-engine 
and  that  of  a  perfect  electric  engine.  We  saw  (§2)  that  the 
one  could  be  expressed  as  a  function  of  two  temperatures, 
whilst  the  other  could  be  expressed  as  a  function  of  two  elec- 
tromotive forces.  But  in  the  heat-engine  the  efficiency  is  the 
greatest  when  the  difierenco  between  the  two  temperatures  is 
a  maximum;  whilst  in  the  electric  engine  the  efficiency  is  the 
greatest  when  the  diffiarence  between  the  two  electromotive 
forces  is  a  minimum.  The  two  cases  are  contrasted  in  figs.  9  and 
10,  fig.  9  showing 


Fig.  9. 


Fig.  10- 


tiie  efficiency  of  a 
heat-engine  work- 
ing between  tem- 
peratures T  and  t 
(reckoned  from  ab- 
solute zero)  ;  whilst 
fig.  10  shows  the 
efficiency  of  an 
electric  engine  re- 
ceiving current  at 
an  electromotive  force E,  its  counter  electromotive  force  being  e. 
Joule's  remark,  here  illustrated,  that  an  electric  engine  may 
be  readily  made  to  be  a  far  more  efficient  engine  than  any 
steam-engine,  is  amply  justified  by  all  experience.  But  in 
spite  of  this  fact,  electric  engines  are,  as  yet,  dearer  in  practice 
than  heat-engines,  simply  because  energy  in  the  form  of  elec- 
tric currents  supplied  at  a  high  potential  is,  as  yet,  much  more 
costly  to  produce  than  energy  in  the  form  of  heat  supplied  at 
a  high  temperature. 
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XX.  On  the  Spectra  formed  by  Curved  IHffraeticnF-graiinge* 

By  Walteb  Baily*. 

[Plate  Vm.] 

In  the  carved  diffraction-gratiiigs  invented  by  Professor 
Bowland^  he  has  pointed  out  that  if  a  source  of  light  be 
placed  at  the  centre  of  curvature,  all  the  rays  difiracted  back 
from  the  grating  will  have  their  foci  on  the  circle  which  lies 
in  a  plane  perpendicular  to  the  lines  of  the  grating,  and  is 
described  on  the  radius  of  curvature  as  diameter.  In  this 
paper  I  investigate  the  locus  of  these  foci,  and  of  those  of  rays 
transmitted  through  a  transparent  grating  for  any  position  of 
the  source  of  light  in  the  same  plane. 

Let  a  plane  grating  be  placed  at  D  (fig.  1)  with  its  lines 
perpendicular  to  the  paper  and  one  of  them  passing  through 
D,  and  its  plane  perpendicular  to  C  D,  and  let  a  D  be  an  inci- 
dent ray,  of  which  a  portion  with  wave-length  Xj  is  difiracted 
along  Dai,  and  a  portion  with  wave-length  Xg  is  diffracted 
along  Doj,  axDoj  being  a  straight  line.  Let  CDa=^,  and 
CDai=^;  and  let  a  be  the  distance  between  the  lines  of  the 
grating.  Let  D^  be  the  next  line  of  the  grating  to  D  ;  and 
draw  Wc^  and  a^Wc^^  parallel  to  Da  and  a{Da^  respectively; 
and  draw  ad^  Oi^^i,  ci^%  perpendicular  to  Da  and  a^a%* 
Then  we  must  have 

aD  +  Dai=a'D'4-iya/  +  niXi 
and 

aD  +  Da,= o'ly  4-  D^a', + n,X^, 

where  n^  and  n,  are  integers. 
These  equations  give  us 

a  (sin  ff  +  sin  6) = n^Xi, 
a  (sin  ^—  sin  5)=n,Xj. 

Now  (fig.  2)  let  D  be  the  centre  of  a  cylindrical  grating 
whose  lines  are  perpendicular  to  the  plane  of  the  paper,  C  the 
centre  of  curvature,  and  CD=c.  Let  P  be  the  source  of 
light,  Q  the  focus  of  a  difiracted  ray,  E  a  point  on  the  grating 
near  to  D.  Join  PD,  PE,  QD,  QE,  CE.  Let  CP«a, 
CQ=6,  ^PCD=«,  QCD=/9;  DP=r,  DQ^r',  ZCDP=e, 

•  Read  January  27,  1883. 
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ZCDQ=^,  ZDCE=7.     Then  we  have  for  light  diffracted 
back  from  the  grating,  which  we  may  call  "  reflected  light," 

sinCEP+6inCEQ=w-, 

a8in(fle— 7) ft  sin  (ff— 7)  _  ^^ 

{a2  +  c^-2a(jcos(«-7)}i  "^  {ft2  +  c^-26ccos(/3-7)}*""  '^' 

Expanding  in  terms  of  7,  we  get 

a  sin  ft h  sin  B n\ 

{a«  +  c2-2a(;cosa}*       {b^ -\- (? -2bc  oos  fi)^      "^ 
,    r{c?  +  c^ — 2ac  cos  a)a  cos  a—c?  sin^  « 
L  {a^  +  c'  — •  2ac  cos  «)* 

(y  +  c^-2ftccos/8)cos/3~6^3in'i8^ 
(6*  +  c»-26ccosi8)»  J'^ 

+  terms  involving  higher  powers  of  y=0. 
Putting 

a  cos  a^c-^r  cos  ^,         h  cos  fi^c-^r^  cos  ^, 

a  sin  a=(;  sin  5,  6  sin  /8=c  sin  ^, 
we  get 

.    /,  ,    .    /w       X  .  fcos  5  cos*  5  .  cos  ^      cos*  O'l         0        ^ 

a-      L    c  T             c             r     J   ' 

This  equation  must  be  satisfied  for  all  very  small  values  of  7. 

Hence  ^X 

sin^+  sin^=  —  ; 


and 


cos*  5      cos5  ,   1 
+  J? 


r  c         d 

cos^^cos^_l 
/  c         d 

where  d  is  any  quantity. 

In  the  last  equation  put  180  +  ^  for  ^,  and  — /  for  /. 
The  equation  then  becomes  identical  with  the  corresponding 
equation.     Hence  curves  whose  equation  is 
cos*  g  _  cos  g      1 
r     ^     c         d 

have  the  property  that,  if  the  source  of  light  is  at  any  point 
on  one  of  these  curves,  the  whole  of  the  reflected  spectra  pro- 
duced by  the  grating  lie  on  the  same  curve. 
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If  we  start  with  the  equation  for  transmitted  light, 

sin^— sin5=n-, 
a 

we  shall  arrive  at  the  same  result.     Hence  we  see  that  each 

of  the  curves  whose  equation  has  just  been  found  is  the  locus 

of  the  foci  of  all  the  diffracted  rays,  when  the  source  of  light 

is  at  any  point  on  the  curve. 

These  curves  I  will  call  "  diffraction-curves."  It  is  obvious 
from  the  equation  that  they  are  independent  of  the  distance 
between  the  lines  of  the  grating. 

A  table  is  given  at  the  end  of  the  paper  showing  the  values 
of  r  for  every  five  degrees  in  the  value  of  5,  d  having  the 

values  Tn  c,  3c,  c  being  taken  as  1000  ;  and  the  forms  of  the 

curves  are  shown  in  fig.  3. 

When  d  is  infinite,  the  diffraction-curve  is  a  circle  having 
the  radius  of  curvature  of  the  grating  as  diameter,  and  a 
straight  line  through  D  tangential  to  the  grating.  In  every 
other  case  the  curve  is  formed  of  two  loops,  one  lying  inside 
the  circle  and  the  other  outside,  touching  one  another  at  D. 
The  inner  loop  is  always  an  oval,  which  is  infinitely  small 
when  d  is  zero,  and  increases  as  d  increases,  until  d  becomes 
infinite,  when  the  inner  loop  coincides  with  the  diffraction- 
circle.  The  outer  loop  is  finite  when  d  is  less  than  c ;  and 
increases  as  d  increases,  until  d  equals  c,  when  the  outer  loop 
becomes  infinite,  and  resembles  a  parabola.  When  d  is  greater 
than  c  the  outer  loop  takes  somewhat  the  form  of  an  hyperbola, 
with  the  asymptotes  inclined  to  the  axis  at  an  angle  whose 

cosine  is  -^,  and  intersecting  one  another  at  a  distance  from  the 

c* 
grating  =«  -75 — 3 .     One  of  the  two  branches  into  which  the 

outer  loop  is  now  divided  passes  through  D,  always  retaining 
the  resemblance  to  a  branch  of  an  hyperbola,  and  ultimately, 
when  d  is  infinite,  becomes  a  straight  line  tangential  to  the  gra- 
ting.    The  other  branch  has  points  of  inflection,  if  d  is  greater 

o  

than  ^c,  in  the  positions  for  which  3ccos5=d— v^l8c^  +  cP; 

and  when  d  is  greater  than  2c,  this  branch  has  points  which 
are  at  a  minimum  distance  from  D.     At  these  points  the  dis- 
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tance  from  D  is  -5-,  and  cos  ^=  —  -7 .  Consequently  the  locus 

of  these  points  is  the  circle  of  curvature  of  the  grating.  When 
d  becomes  infinite,  this  branch  coincides  with  the  tangent  to 
the  grating  at  D,  and  with  the  diflfraction-circle. 

The  diffraction-curve  has  been  shown  to  consist  of  two  loops, 
one  of  which  passes  through  the  source  of  light.  This  loop  is 
the  locus  of  the  spectra  of  transmitted  light;  and  the  wave- 
length at  any  point  is  given  by  the  equation 

n\=€r  (sin  ^—  sin  0). 

The  other  loop  is  the  locus  of  the  spectra  of  reflected  light ; 
and  the  wave-length  at  any  point  is  given  by  the  equation 

n\=<r  (sin  ^  +  sin  0). 

As  both  loops  coincide  in  the  diffraction-circle,  this  circle  is 
the  locus  both  of  the  spectra  of  transmitted  and  of  reflected 
light  when  the  source  of  light  is  on  the  circle. 

As  an  example  of  the  determination  of  the  wave-length, 
suppose  the  grating  to  have  25,000  lines  to  the  inch ;  then 
each  division  of  the  grating  is  40  millionths  of  an  inch. 
Divide  the  diameter  of  the  diffraction-circle  into  40  parts, 
and  with  the  centre  of  curvature  as  centre  describe  circles 
through  these  divisions,  and  number  the  points  in  which  they 
cut  the  diffraction-circle,  beginning  with  the  centre  of  curva- 
ture as  zero,  and  counting  the  readings  as  positive  on  one  side 
of  the  zero  and  negative  on  the  other  (see  fig.  4,  in  which  only 
every  tenth  reading  is  given).  If  the  source  of  light  be  at 
the  centre  of  curvature,  the  readings  of  the  diffraction-circle 
will  give  the  wave-lengths,  or  multiples  of  them,  in  millionths 
of  an  inch.  Now  with  the  centre  of  the  grating  as  centre  of 
projection,  project  the  readings  of  the  diffraction-circle  on 
both  branches  of  any  diffraction-curve,  and  place  the  source 
of  light  at  the  point  in  which  one  of  the  loops  cuts  the  perpen- 
dicular from  the  centre  of  the  grating.  The  readings  give  the 
wave-lengths,  or  multiples  of  them,  as  before. 

Let  the  source  of  light  be  now  placed  at  any  point  of  a  gra- 
duated diffhiction-curve.  Take  the  reading  of  the  point,  and 
sxibtract  it  from  the  readings  of  all  other  points  on  the  same 
loop ;  the  new  readings  vriU  give  the  wave-lengths,  or  mul- 
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tiples  of  them^  for  transmitted  light.  Add  the  reading  of  the 
position  of  the  source  of  light  to  the  readings  of  all  points  on 
the  other  loop,  and  the  new  readings  will  give  the  wave-lengths, 
or  multiples  of  them,  for  reflected  light.  The  diffraction- 
circle  must  be  treated  as  two  distinct  loops,  and  the  reading 
of  the  source  be  subtracted  from  the  readings  on  the  circle  for 
transmitted,  and  added  for  reflected  light.  One  of  the  zero- 
readings  occurs  at  the  source  of  light,  and  the  other  at  the 
focus  of  ordinary  reflected  light. 

In  the  case  of  a  plane  grating,  since  c  is  infinite,  the  equa- 
tion to  the  diflfraction-curve  becomes 

r=dcos'^. 

Table  showing  the  values  of  r  iot  every  five  degrees  of  ^  in 
the  equation 


cos*  0      cos  0 


^\ 


±9, 

H 

rf=c. 

rf=3c. 

H 

d=c. 

rf=3o. 

±0. 

90 

0 

0 

0 

0 

0 

0 

90 

65 

2 

7 

18 

8 

8 

31 

96 

80 

9 

20 

77 

11 

37 

190 

100 

76 

21 
••• 

53 

113 

25 

90 

899 
18691 

106 
109 

70 

35 

87 

173 

ii 

178 

-13451 

110 

65 

52 

126 

231 

73 

309 

-  2000 

115 

60 

71 

167 

300 

100  - 

500 

-  1500 

120 

56 

92 

209 

363 

140 

772 

-  1372 

125 

60 

113 

252 

423 

175 

1156 

-  1335 

130 

45 

135 

293 

481 

224 

1707 

-  1338 

135 

40 

156 

332 

535 

263 

2608 

-  1356 

140 

85 

176 

369 

582 

314 

3710 

-  1382 

145 

30 

194 

402 

625 

351 

5603 

-  1408 

150 

25 

210 

431 

663 

392 

8768 

-  1434 

155 

20 

224 

455 

694 

429 

14640 

-  1456 

160 

15 

235 

475 

718 

459 

27394 

-  1476 

165 

10 

243 

489 

736 

481 

63890 

-  1489 

170 

6 

248 

497 

746 

496 

261166 

-  1497 

175 

0 

250 

500 

^50 

500 

00 

-  1500 

180 
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XXI.   Optical  Combinations  of  Crystalline  Films. 
By  Lewis  Wright. 
[Plate  rX.] 

The  object  of  the  following  experiments  is  to  illustrate  the 
facility  with  which  simple  combinations  of  mica-films^  such 
as  can  be  readily  put  together  by  any  one  with  the  aid  of 
Canada  balsam  dissolved  in  benzol,  may  be  made  to  demon- 
strate not  only  the  simpler  chromatic  phenomena  of  polarized 
light,  but  also  the  more  beautiful  and  complicated  appearances 
encountered  at  a  more  advanced  stage  of  study.  The  colours 
obtainable  from  such  mica-films  are  more  delicate  and  intense 
than  the  usual  selenite  preparations,  because  while  in  selenite 
those  films  which  produce  the  lower  and  more  intense  orders 
of  Newton's  colours  are  so  thin  as  to  be  split  with  difficulty, 
in  mica  they  can  be  obtained  with  the  greatest  facility.  Some 
of  the  preparations  are  also,  as  demonstrations,  superior  in 
themselves. 

Let  us  take  first  the  simplest  case,  of  different  retardations 
produced  by  different  thicknesses  of  crj'stal,  counteracted  or 
not  by  opposite  retardations  caused  by  another  crossed  film. 
It  has  been  usual  to  demonstrate  these  by  two  selenite  wedges, 
rotating  one  over  the  other.  A  simpler  and  more  effective 
demonstration  is  given  by  two  wedges,  each  built  up  of  similar 
mica^films  superposed,  and  cemented  together,  like  those  on  the 
screen  (PI.  IX.  fig.  1).  The  series  of  flat  steps  or  tints  are 
both  more  conspicuous  and  more  readily  understood;  and  if  the 
two  wedges  are  properly  matched,  when  crossed  the  diagonal 
row  of  squares  will  be  black  when  the  Nicols  are  crossed. 
When  the  thick  edge  of  one  is  superposed  over  the  thin  edge 
of  the  other,  with  the  mica  axes  parallel,  we  have  an  even 
tint ;  and  when  the  thick  edge  is  superposed  over  the  other 
thick  edge,  with  the  mica  axes  crossed,  the  retardations  or 
colours  produced  by  the  first  wedge  are  all  destroyed  by  the 
second,  and  the  field  is  all  black.  I  wish  to  remark  here, 
as  I  have  done  elsewhere,  that  the  idea  of  wedges  and  other 
designs,  built  up  in  this  way  of  thin  flat  films,  is  not  due  to 
me,  but  to  my  friend  Mr.  Fox,  F.R.M.S.,  from  whom  both 
this  pair  of  wedges  and  the  next  one  are  simply  copied. 

Here  is  another  preparation  of  the  same  character,  built  up 
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of  twenty-four  films,  each  of  a  thickness  causing  exactly  ^\ 
of  retardation  for  yellow  light.  Of  course  the  thickness  must 
be  very  exact  to  bear  multiplication  twenty-four  times  without 
sensible  error.  Now  if  we  superpose  on  this  wedge  a  flat 
plate  of  mica  with  its  axis*  crossing  that  of  the  wedge,  and  of 
a  thickness  equal  to  the  middle  stripe,  that  central  stripe  must 
appear  black  when  the  Nicols  are  crossed  (fig.  2),  while  New- 
ton's first  order  of  colours  and  half  the  second  order  appear 
symmetrically  on  both  sides  of  the  black  stripe.  On  one  side 
of  the  stripe  the  wedge  itself  gives  greater  successive  thick- 
nesses ;  while  on  the  other  side  the  plate  of  mica  does  the 
same. 

Such  a  wedge  has  further  and  real  optical  uses.  It  shows 
at  a  glance  the  precise  composition  of  every  successively 
increased  ^X  of  retardation  for  the  first  three  orders  of  New- 
ton's colours.  When  extinction  is  complete  for  yellow  light, 
we  know  that  a  little  of  both  red  and  blue  must  be  unextin- 
guished, the  two  giving  us  at  the  end  of  the  first  order  the 
opaque  plum-colour  known  as  the  "  tint  of  passage."  As  the 
red  at  a  given  distance  from  the  end  of  the  spectrum  is  visu- 
ally more  conspicuous  than  the  blue,  at  the  end  of  the  second 
and  third  orders  this  "  tint  of  passage  "  must  become  more  and 
more  red,  as  we  see  on  the  screen  is  the  case.  The  precise 
composition  of  the  light  destroyed  and  that  remaining,  we  may 
demonstrate  by  placing  a  slit  across  the  wedge  and  throwing 
its  spectrum  on  the  screen  (fig.  3),  when  we  seethe  shifting  of 
the  bands  in  st^ps  for  each  ^  X  of  retardation.  The  wedge 
alone  shows  only  the  first  three  orders  ;  but  it  is  obvious  that 
by  superposing  a  plate  of  mica  1 X  in  thickness,  the  spectrum 
would  give  us  from  the  second  to  the  fourth  orders,  and  so 
on.  I  have  not  here  the  plates  to  show  this  in  detail ;  but  I 
liave  brought  a  thick  plate  of  selenite,  not  measured,  but 
hurriedly  mounted  for  this  afternoon.  We  throw  its  spectrum 
on  the  screen  first :  from  the  seven  or  eight  dark  bands  it 
appeal's  to  be  from  eight  to  ten  waves  in  thickness;  it  is  at  all 
events  so  thick  as  to  show  no  colour.  But  now  superposing 
the  wedge,  the  shifting  of  the  bands  shows  the  precise  compo- 
sition for  every  successive  ^X  of  retardation  even  in  this  high 

*  Throughout  this  paper  the  "  axis  "  of  the  mica  is  supposed  to  he  that 
one  of  its  two  polarizing  planes  which  passes  through  the  two  optic  axes. 
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order  of  interferences.  It  is  all  rendered  by  spectrum  analysis. 
Another  great  use  of  such  a  wedge  is  for  gauging  the  thick- 
ness of  films  in  making  other  preparations,  for  which  I  use  it 
constantly:  we  only  have  to  superpose  the  film  to  be  gauged 
with  its  axis  crossing  that  of  the  wedge,  and  the  stripe  that  is 
nearest  extinction  when  the  Nicol  is  crossed  gives  the  thickness. 

The  rotatory  colours  of  films  are  also  beautifully  shown  by 
mica  preparations.  We  all  know  that  if  a  film  \\  thick  (the 
terms  "  thick  '^  or  *^  thickness ''  of  course  mean  in' retardation 
of  the  slowest  ray,  throughout  this  paper)  is  adjusted  with  its 
polarizing  planes  at  45^  with  the  plane  of  polarization,  we 
obtain  a  single  circular  vibration.  But  if  we  adjust  in  this 
position  a  film  giving  colour  next  the  polarizer,  and  introduce 
after  that  the  ^\  plate,  with  its  planes  at  an  angle  of  45^  with 
those  of  the  colour-film,  both  the  two  rays  which  emerge 
from  the  first  film  are  converted  into  rays  circularly  polarized, 
but  in  opposite  directions  ;  and  hence  we  get  approximately 
the  rotatory  colours  of  quartz  as  the  analyzer  is  rotated.  The 
geometrical  figure  I  now  insert  is  thus  circularly  polarized, 
and  will  illustrate  not  only  the  beautiful  rotational  phenomena 
of  the  colours,  but  also  that  superior  delicacy  and  intensity  of 
these  lower-order  colours  which  has  been  alluded  to :  it  would 
be  exceedingly  difficult  to  get  colours  like  these  in  selenite. 
Again,  we  take  the  24-section  wedge  used  just  now,  and  su- 
perpose upon  it  a  ^\  plate  made  in  two  halves,  one  of  which 
has  its  planes  reversed  as  compared  with  the  other;  on  rota- 
ting the  analyzer  the  colours  appear  to  pass  along  the  wedge  in 
opposite  directions,  as  if  it  were  made  in  two  halves  of  right- 
and  left-handed  quartz. 

My  friend  the  Eev.  P.  B.  Sleeman  lately  suggested  to  me 
another  preparation,  which  was  in  turn  suggested  to  him  by 
a  beautiful  one  in  quartz  belonging  to  the  President  of  the 
Boyal  Society.  This  is  a  quarter-wave  plate  divided  into 
twelve  sectors.  In  the  position  now  on  the  screen  the  polari- 
zing planes  are  all  perpendicular  and  horizontal;  but  the  prin- 
cipal plane  or  "  axis  "  is  reversed  (as  in  fig.  4)  in  every  alter- 
nate sector.  If  we  superpose  this  upon  a  mica-film  giving 
uniform  colour,  on  rotating  the  analyzer  we  get,  as  you  see, 
the  contrary  quartz  rotations.  But  it  lately  occurred  to  me 
that  a  still  more  beautiful  demonstration  of  these  rotational 
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colours  would  be  obtained  by  another  combination^  which 
deserves  perhaps  to  be  called  an  "  optical  chromatrope."  We 
place  first  in  the  stage  next  the  polarizer  a  large  eyen-tint 
film  in  a  rotating  frame;  next  to  that  a  concave  selenite  plate 
showing  Newton's  rings;  next  to  that  again  our  quarter-wave 
plate  in  sectors.  As  we  rotate  the  analyzer^  one  set  of  alter- 
nate sectors  of  the  rings  approach  the  centre^  while  the  inter- 
mediate sectors  recede  from  it ;  and  if  we  now  at  the  same 
time  rotate  the  even-tint  plate,  we  simultaneously  vary  the 
eolour  phenomena  in  an  exquisitely  beautiful  manner. 

A  i\  plate  divided  into  four  sectors  or  quadrants,  with  their 
planes  alternately  reversed  in  the  same  way  (fig.  5),  enables 
us  to  demonstrate  the  nature  of  the  curious  modifications  of 
the  rings  and  brushes  in  a  plate  of  crystal  when  circularly- 
polarized  convergent  liglit  is  employed.  Here,  for  example, 
are  the  rings  and  cross  of  calcite:  interposing  a  ^\  plate,  the 
black  cross  disappears  into  a  grey  nebulous  one,  and  on  oppo- 
site sides  of  each  arm  the  quadrants  of  rings  appear  dislocated, 
the  dark  rings  of  one  quadrant  opposing  the  light  rings  of  its 
neighbours.  Interposing  another  ^\  plate  on  the  other  side, 
on  rotating  the  analyzer  one  opposite  pair  of  quadrants  con- 
tracts while  the  intermediate  ones  expand,  so  that  in  two  com- 
plementary positions  we  have  unbroken  circles.  The  same 
phenomena  precisely  are  exhibited  by  this  disk  of  chilled  glass 
in  parallel  light,  the  gradually  decreasing  elasticity  of  the 
glass  as  we  recede  from  the  centre  having  the  same  eflect  as 
the  increasing  convergence  of  the  rays  has  in  the  calcite. 
Now  it  is  pretty  easy  to  explain  this  phenomenon  to  a  student 
by  such  a  diagram  as  this  (fig.  6)  representing  our  crystal  or 
glass  with  the  Nicols  crossed.  The  circularly-polarized  ray 
we  know  is,  on  entering  the  glass,  decomposed  into  its  two 
plane-polarized  components,  of  which  one  (let  us  suppose  that 
denoted  by  the  arrow-beads)  is  retarded  a  quarter  of  a  wave. 
But  the  calcite  or  glass,  beside  this,  itself  also  retards  either 
the  radial  or  the  tangential  vibration  more  than  the  other 
component — ^in  calcite  the  radial.  Taking,  then,  any  originally- 
circular  ring  caused  by  the  calcite  retardations  alone,  we  see 
that  in  two  opposite  quadrants  the  ^\  plate  retards  the  radial 
vibrations  a  further  quarter-wave,  while  in  the  alternate 
quadrants  it  accelerates  them  a  quarter-wave.  The  result  must 
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obviously  be  a  half- wave  dislocation.  As  I  have  just  observed, 
such  a  diagram  sufficiently  explains  it  all;  but  it  seems  to  me 
better  actually  to  represent  it  optically,  by  introducing  the 
composite  quarter-wave  plate,  with  its  planes  at  45°  with  the 
plane  of  polarization,  before  a  film  ground  concave  to  show 
Newton's  rings.  Here  we  have,  in  an  analogous  way,  in 
opposite  quadrants  retarded  one  of  the  component  vibrations 
a  quarter-wave  before  entering  the  selenite,  while  in  the  alter- 
nate quadrants  we  retard  the  other  component ;  and  we  get 
similar  dislocations.  Again,  letting  the  concave  selenite  come 
first,  and  superposing  a  ^X  plate  cut  in  quadrants  with 
their  planes  alternately  horizontal  and  vertical,  we  now  have 
the  contracting  and  expanding  quadrants,  with  the  perfect 
circles  in  two  positions,  as  in  the  calcite.  We  may  make 
the  demonstration  complete  by  reversing  the  process,  and 
superposing  our  last  composite  i\  plate  on  the  disk  of 
chilled  glass*.  We  now  are  applying  in  each  quadrant  all 
the  retardations  equally  to  either  the  tangential  or  radial 
vibrations ;  and  hence  the  rings  remain  perfectly  concen- 
tric, while  they  expand  or  contract  as  the  analyzer  is  ro- 
tated: there  is  no  dislocation  at  all.  Finally,  either  the 
quadrant  or  12-sector  ^\  plate  superposed  on  this  square  of 
chilled  glass  gives  us  a  very  beautiful  demonstration  that  the 
dislocation  of  the  crystal  rings  is  entirely  due  to  the  \  \  plate 
retarding  one  component  ray  in  the  crystal  on  one  side  of  the 
plane  of  polarization  or  that  at  right  angles  to  it,  and  accele- 
rating the  same  component  on  the  other  side  of  those  planes. 
Here  we  have  the  square  perpendicularly  adjusted,  with  the 
composite  plate  superposed.  When  the  analyzer  is  rotated, 
the  reversal  of  the  sectors  on  the  lines  of  the  black  cross  keeps 
the  figure  symmetrical,  as  in  the  last  experiment.  But  you 
observe  that  the  diagonals  of  the  square  are  covered,  each  by 
a  single  plate  or  sector;  and  a  mere  glance  at  the  screen  makes 
it  obvious  that  if,  in  this  position^  these  diagonals  were  covered, 
as  the  black  cross  now  is,  by  the  junction-line  between  two 
contrary  sectors,  they  would  be  dislocated,  the  colours  on  one 

*  In  private  experiment  we  can  of  course  do  this  with  a  plate  of  cal- 
cite ;  but  in  a  projecting  instrument  it  is  rather  difficult  to  ensure  the 
precise  axial  coincidence  of  all  the  arrangements  with  the  axis  of  the  con- 
vergent Hght,  without  which  the  experiment  fails. 
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side  of  the  line  approaching  the  centre^  and  those  on  the  other 
receding  when  we  rotate  the  analyzer.  Bnt  we  will  now  bring 
these  diagonals  of  the  square  into  the  planes  of  polarizer  and 
analyzer  crossed^  and  superpose  the  sectors  again  upon  the 
glass,  jnnction-lines  now  covering  the  diagonals.  You  observe 
Aat  the  state  of  things  is  exactly  reversed  ;  and  the  contrary 
sectors  now  do  keep  the  figure  symmetrical  on  each  side  of  the 
diagonals,  while,  on  the  other  hand,  the  single  ^X  plates  which 
now  cover  the  bisecting  diameters  of  the  square  preserve  the 
symmetry  there  also.  It  is  not  necessary  to  add  details  of 
explanation  which  will  be  familiar  to  all. 

Allow  mo  next  to  illustrate  the  beautiful  phenomena  of 
crossed  films  of  mica  in  highly  convergent  light,  such  as  will 
take  in  biaxial  angles  of,  say,  50*^.  Our  starting-point  will  be 
Norremberg^s  beautiful  discovery,  worked  out  entirely  from 
theory,  that  by  crossing  films  of  biaxial  mica  of  gradually 
increasing  number  and  proportionately  diminished  thickness, 
there  was  a  gradual  approach  to  the  rings  and  cross  of  a  uni- 
axial crystal.  He  found  three  wave-lengths  of  retardation 
the  best  approximate  unit.  Here  is  a  single  plate  of  mica — 
the  ordinary  biaxial  lemniscates;  and  here  are  two  such  plates 
crossed  at  right  angles — the  ordinary  figure  of  a  "  crossed  " 
crystal,  in  which  we  get  the  black  cross.  With  four  plates 
crossed  we  get  the  first  approach  towards  rings,  each  of  the 
'^eyes  "  being  now  bisected  by  a  straight  fringe  placed  as  a  tan- 
gent to  the  figure.  Norremberg's  next  preparation  was  eight 
films  crossed  ;  but  I  add  one  of  six,  which  gives  a  single  per- 
fect though  nearly  square  ring,  while  eight  films  give  two 
rings.  Twelve  give  three  rings  and  signs  of  a  fourth  ;  while 
twenty-four,  as  you  see,  are  absolutely  undistinguisbable  from 
a  calcite.     The  whole  series  will  be  thus : — 

JL     A     A      A     A      1^     ?i 
3\'    3X'    fV    i\'    |X'    i\'    l\ 

Now  there  is  no  necessity  for  an  exact  total  thickness  of  three 
wave-lengths  in  constructing  this  series  ;  but  an  approxima- 
tion to  it  is  necessary,  to  preserve  the  gradation  of  the  pheno- 
mena and  the  gradual  passage  to  the  uniaxial  figure.  So  far 
Norremberg  ascertained;  but  he  does  not  seem  to  have  carried 
his  experiments  with  mica  any  further.     Let  us  now  do  so. 
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The  eight  fihns  gaye  ns  two  rings,  the  outer  one  squarish  in 
figure.  But  if  we  combine  eight  very  thin  fihns  (say  ^X 
iMck,  as  in  this  preparation),  yon  observe  that  we  get  perfectly 
circular  rings  at  once  ;  and  in  fact  even  four  very  thin  films 
will  give  them  ;  and  twelve  thin  films  give  us  quite  fine  circles. 
Now,  on  the  other  hand,  let  us  employ  four  and  eight  tidck 
films — in  this  case  over  1  \  thick  (we  thus  more  than  double 
Norremberg's  thicknesses);  and  observe  that  the  rings  now 
have  altogether  disappeared,  and  the  curved  fringes  are  all 
turned  the  reverse  way,  their  convex  sides  to  the  centre.  The 
same  thing  is  stiU  more  evident  in  this  splendid  figure,  pro- 
duced by  twelve  crossed  films  }\  in  thickness.  We  see  easily 
enough  that  it  must  be  so,  if  we  follow  in  our  minds  the  de- 
compositions and  recompositions  of  the  vibrations  in  traversing 
the  successive  films  ;  but  it  is  very  interesting  to  notice  how, 
with  the  same  number  of  micas  crossed  in  exactly  the  same 
way,  but  of  different  thicknesses,  the  phenomena  appear  actu- 
ally reversed  in  character.  Having  seen  this,  we  abandon 
simply  crossed  films,  and  the  following  will  be  composed  of 
films  superposed  at  angles  of  both  90°  and  45^.  Here  another 
cause  of  variety  comes  into  play,  since  all  films  whose  thickness 
contains  an  odd  ^X,  when  superposed  at  45°  will  circularly 
polarize  the  light.  Moreover  we  also  know  that  if  two  such 
films  are  superposed  at  an  angle  of  45°,  the  effect  is  to  rotate 
the  plane  of  polarization  itself  (as  shown  for  instance  by  the 
rotation  of  a  calcite  cross)  45®  from  the  original  plane.  Hence 
the  variety  and  scope  for  combination  here  are  endless,  the 
phenomena  always  being  beautiful;  but  I  must  only  show  you 
a  very  few  of  such  preparations.  The  first  four  are  all  com- 
posed of  films  ^\  in  thickness,  and  each  contains  the  same 
number  of  twelve  films,  and  the  lines  show  the  successive 
positions  of  the  mica  "  axis."     In  the  first  they  are 

I \ I -\- I \ I -\- 

Thus  all  the  diagonal  axes  lie  the  same  way.  Now  this  second 
preparation  has  the  very  same  individual  films  differently 
placed,  thus: — 

I \- I \- I /- I /- 

You  see  the  total  difference  in  effect  produced  by  the  differ- 
ence in  crossing. 
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Hie  next  one  is  thns  arranged: — 

.11-11-1  =  1" 

This  is  an  interesting  combination^  because  the  wave-decom- 
positions  indicate  that  the  light  shonld  be  nearly  extinguished 
when  the  Nicols  are  crossed,  not  only  in  the  original  black 
cross,  but  also  along  the  diagonals  between.  You  see  that  it 
is  so  ;  but  this  result  is  still  more  completely  brought  out  by 
HiQ  next  preparation, 

I  -  I  -  I  —  I  -  I  -  I 

where  we  get  a  nearly  perfectly  black  square  crossed  by  nearly 

black  diagonals  as  well  as  by  the  black  cross.     The  next  set  of 

five  are  all  built  of  films  one  wave  in  thickness,  as  follows  : — 

No.  1.      8  micas      |   —   |    x    |   —   | 

2.  10     „         +  +  X   +  + 

3.  12     „         +  +  X   X    +  + 

4.  8    „         +   X   +   X 

6.      8    „  I   /_\   I   x_\(i.^. 

successively  rotated  45°). 
This  last  figure  is  interesting,  because  we  can  see  that  the 
r^ult  must  be  some  polygonal  or  roughly  circular  central 
figure  with  some  sort  of  a  cross,  surrounded  by  eight  detached 
figures  or  eyes.  I  am  sorry  I  cannot  work  this  out  mathema* 
tically  ;  but  with  whole-wave  and  somewhat  greater  retarda* 
tions  it  is  pretty  easy  to  trace  it  in  one^s  own  mind.  It  is  so,  as 
you  perceive;  and  you  also  see  that  the  preparation  and  figure 
can  be  rotated  wiihout  very  sensible  change,  which  also  fol- 
lows from  theory,  and  is  a  somewhat  remarkable  result,  after 
what  we  saw  at  the  commencement,  with  such  thick  films. 
And  now,  to  show  the  effect  of  thickness,  here  is  a  precisely 
similar  preparation  of  eight  films  superposed  at  a  successively 
rotated  angle  of  45°,  but  built  up  of  }X  films.  Circular 
polarization  here  comes  into  play;  and  the  effect  is  totally  dif- 
ferent in  every  way.  The  last  of  these  crossed  micas  is  built 
up  of  twelve  }\  films,  thus — 

X  +  +  +  H-   X 
You  see  the  total  difference  in  figure  from  any  thing  before, 
and  the  scope  for  endless  variety,  which  I  must  not  further 
pursue. 

Still  more  beautiful,  but  perhaps  less  interesting,  are  the 
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combinations  of  mica-  and  selenite-films  discovered  experi- 
mentally by  Norremberg.     As  he  observes,  if  we  call  the  ^ree 
axes  of  elasticity  in  any  crystal  Xy  y^  Zj  then  selenite-films 
contain  x  and  Zy  while  mica  on  the  other  hand  contains  y 
and  z ;  and  it  is  easy  to  see  that  if  preparations  are  built  up 
of  both  elements^  very  fine  coloured  fringes  must  result^  dif- 
fering very  greatly  in  character  according  to  whether  the  x  of 
the  selenite  is  parallel  to  the  z  of  the  mica  or  crosses  it.     As 
far  as  I  remember,  however^  Norremberg  and  Beusch  seem  to 
have  said  that  the  characters  of  the  fringes  defy  all  prediction. 
This  is  perhaps  hardly  true,  even  apart  from  mathematical 
analysis,  which  I  am  unable  to  give,  and  which  the  mere 
beauty  of  these  combinations  is  scarcely  worth.     For  it  is 
easy  to  perceive  that  if  a  single  selenite  be  placed  between 
two  thick  micas,  we  must  have  very  nearly  the  usual  biaxial 
figure,  with  some  little  modification  in  the  eyes  or  rings,  but 
chiefly  distinguished  from  the  simple  mica  by  rich  colour. 
That  is  so  here.     But  if  we  alternate  several  parallel  selenites 
between  parallel  micas  of  less  thickness,  so  as  to  give  the  sele- 
nite functions  of  elasticity  more  comparative  influence,  then 
it  is  evident  that  the  modified  lemniscate  curves,  or  what  is 
still  traceable  of  them,  must  be  either  brought  nearer  together 
or  more  widely  separated,   and  that  we  shall    thus  obtain 
curved  fringes  having  their  approximate  origin  in  the  original 
optic  axes  of  the  mica,  but  reversed  in  character  according  as 
the  X  of  the  selenite  crosses  or  is  parallel  to  the  mica  z. .  This 
is  the  simplest  analysis  I  can  give,  and  it  follows  on  conside- 
ration from  Norremb  erg's  data.     Here  are  two  such  prepara- 
tions, in  each  of  which  four  selenites  are  alternated  between 
five  ^\  micas.     In  the  first  the  modified  lemniscates  are  wider 
apart  than  in  the  mica,  but  the  resulting  fringes  originate 
approximately  in  ihe  mica  axes.     In  the  second  the  selenites 
are  at  right  angles  with  their  former  position,  and  the  fringes 
still  centre  in  the  axes,  but  the  curves  are  reversed ;  and  the 
resulting  ^^  palm-tree "  pattern  is  perhaps  one  of  the  most 
beautiful,  both  in  colour  and  figure,  which  it  is  possible  to 
behold. 

The  few  other  preparations  here  are  built  up  of  either  four 
or  six  ternary  elements  constructed  on  Norremberg's  system, 
each  consisting  of  two  parallel  micas,  with  a  selenite  between 
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ihem  either  crossed  or  parallel.  In  the  first  you  readily 
recognize  the  "palm-tree"  character  of  the  last  figure, 
"  crossed."  It  is  needless  to  describe  the  others ;  for  here, 
too,  variety  is  boundless ;  but  I  purposely  reserve  for  the  last, 
two  combinations  composed  of  exactly  the  same  arrangements 
of  both  mica  and  selenite,  and  all  the  micas  the  same  (^X) 
thickness,  but  the  selenite  films  in  one  slightly  thicker  than  in 
the  other.  The  difference  in  effect  is  purposely  not  so  great 
as  to  prevent  your  recognizing  the  same  general  figure  in 
both,  but  is  still  (k>nspicuous  and  interesting.  Let  me,  in 
conclusion,  hope  that  the  beauty  of  these  preparations  con- 
structed after  Norremberg's  method,  and  the  facility  with 
which  they  can  be  prepared,  may  make  them  better  known. 

[At  the  conclusion  of  the  paper  Mr.  Wright  described  and 
exhibited  an  adaptation  to  the  microscope  by  Messrs.  Swift 
and  Son,  by  the  aid  of  which  all  the  preparations  and  crystals 
requiring  highly  convergent  light  could  be  shown  on  the  stage 
of  any  microscope  constructed  with  a  draw-tube.] 


XXII.  On  a  Method  ofMeamrinff  Electrical  Resistances  with  a 
Constant  Current.     By  Shelford  Bidwell,  J/.^.,  LL.B.^ 

It  sometimes  happens  that  the  resistance  of  a  body  appears 
to  depend  upon  the  strength  of  the  current  which  tra- 
verses it.  Thus  the  resistance  of  the  carbon  filament  of  an 
incandescent  lamp  may  be  several  ohms  lower  when  tested 
with  a  strong  current  than  it  is  with  a  weak  one.  In  this 
case  there  is  little  doubt  that  the  difference  is  due  only  in- 
directly to  the  current  itself,  and  is  in  fact  caused  by  the 
heat  which  the  stronger  current  develops,  and  which,  even 
when  the  circuit  is  closed  only  for  a  moment,  may  produce 
considerable  effect  upon  the  conductivity  of  the  filament. 
Again  Prof.  Adams,  at  an  early  stage  of  his  well-known 
experiments  with  selenium,  found  that,  on  increasing  the 
strength  of  the  current  through  the  selenium,  there  was  a 
diminution  in  its  resistance  t-  The  same  is  the  case  with  the 
mixtures  of  sulphur  and  carbon  which  I  described  in  a  previous 

•  Read  March  10, 1883. 

t  Phil.  Trans,  vol.  clxvii.  pp.  319,  842. 
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commanication  *,  and  to  a  very  mnch  greater  degree  with 
loose  contacts  of  carbon  or  metal,  such  as  are  used  in  the 
microphone.  For  example,  a  carbon  pencil  being  arranged 
so  as  to  rest  at  right  angles  upon  another  with  a  pressure  of 
'05  grm.,  the  resistance  at  the  point  of  contact  was  found  to 
be  11*02  ohms  with  a  current  of  *1  amp&re,  and  68  ohms 
with  '001  ampfere  ;  and  when  cylinders  of  bismuth  were  sub- 
stituted for  the  carbon,  the  resistances  with  the  same  currents 
as  before  were  5  ohms  and  182  ohms  respectively. 

Without  assuming  that  the  resistances  in  these  and  similar 
cases  are  altogether  true  resistances,  it  is  nevertheless  some- 
times convenient  to  treat  them  as  such ;  and  for  purposes  of 
comparison  it  is  clearly  necessary  that  currents  of  known  or 
constant  strength  should  be  used  in  their  measurement. 
When  the  Wheatstone's  bridge  is  employed  in  the  usual 
manner,  the  current  passing  through  the  unknown  resistance 
will,  of  course,  vary  with  the  magnitude  of  this  resistance, 
being  smaller  when  it  is  high  than  when  it  is  low  ;  but  by  a 
very  simple  modification  of  the  common  arrangement,  which 
I  have  used  extensively  during  the  last  year,  it  is  easy  to 
ensure  having  currents  of  uniform  strength  throughout  a 
series  of  measurements. 

In  the  figure,  a,  nx,  a,  na  are  the  four  arms  of  a  Wheat- 
stone's  bridge,  S  is  the  unknown  resistance,  and  B  is  a  box  of 


resistance  coils  which  is  inserted  in  the  same  arm.  If  E 
denote  the  electromotive  force  of  the  battery,  B  its  internal 
resistance,  and  0  the  current  which  passes  tiirou^  the  arm 

»  Proc.  Phys.  Soc.  vol.  v.  p.  90. 
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containing  S,  then,  when  there  is  a  balance, 

a+a+n{a  +  a!) 

nE 

'°(n  +  l)B+n(a  +  wy 

From  this  expression  we  can  find  what  value  x  must  have  in 
order  that  the  current  through  the  unknown  resistance  may 
be  of  any  definite  strength.  Having  determined  this  value, 
we  insert  resistance  equal  to  n  times  its  amount  in  the  arm 
nXf  and  adjust  the  resistance  in  the  box  B  until  a  balance  is 
obtained.  We  then  know  that  the  resistance  of  R  +  S  is  equal 
to  x;  that  the  resistance  required  to  be  measured,  S,  is  equal  to 
that  of  the  arm  a  less  the  resistance  employed  in  R;  and  that 
a  current  of  the  desired  strength,  C,  is  passing  through  it. 
A  second  unknown  resistance  may  now  be  substituted  and 
measured  as  before,  simply  by  altering  the  resistance  of  R, 
with  the  certainty  that  when  there  is  a  balance  the  current 
is  of  the  same  strength  as  in  the  former  case.  The  resistance 
na  remains  unchanged  throughout.  It  is  of  course  necessary 
so  to  choose  the  values  of  a,  n,  and  E  that  a  may  be  greater 
than  the  resistance  to  be  measured ;  and  it  is  generally  de- 
sirable that  the  resistance  of  the  whole  bridge  should  be  made 
as  high  as  conveniently  possible. 

The  great  advantage  of  this  method  over  others  that  suggest 
themselves  lies  in  the  fact  that,  since  it  is  never  necessary  to 
close  the  circuit  for  more  than  a  moment,  the  electromotive 
force  and  resistance  of  the  battery  remain  sensibly  constant 
during  a  long  course  of  experiments. 


XXIII.  The  Resistance  of  the  Electric  Arc. 
By  Professors  W.  E.  Aykton,  F.R.S.,  and  John  Perry,  M.E.* 

One  of  the  results  of  the  elaborate  set  of  experiments  on 
the  Electric  Light  conducted  in  1878  by  tfie  late  Mr. 
Schwendler  was  the  conclusion  to  which  he  came,  that  the 
supposition  that  the  resistance  of  an  arc  of  constant  length 

*  Read  December  9, 1882. 
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was  inversely  proportional  to  the  current  which 
through  it  was  highly  probable.  His  experiments,  however, 
were  not  sufficient  to  absolutely  determine  this  point ;  and  it 
has  therefore  appeared  to  us  important  to  obtain  further  in- 
formation on  the  subject,  which,  with  the  assistance  of  the 
students  working  in  our  laboratory,  we  have  from  time  to  time 
done  with  the  following  results. 

1.  The  method  employed  by  us  in  the  first  instance  was  as 
follows  : — A   number  of  Grove  cells,  G,  were  arranged  in 


Fig.  ^• 


series  (fig.  1);  and  one  pole 
P  was  connected  through  an 
ammeter  A  with  one  carbon 
of  the  electric  light  L,  the 
other  carbon  of  which  was 
attached  to  a  mercury  trough 
T,  which,  by  means  of  a  me- 
tallic bridge-piece,  could  be 
connected  with  any  one  of 
the  mercury-cups  B,  C,  D, 
each  of  which  was  perma- 
nently electrically  connected  with  the  terminal  of  a  differ- 
ent number  of  cells.  The  two  carbons  were  also  connected 
with  the  terminals  of  a  voltmeter  V,  by  means  of  which  the 
difference  of  potentials  between  the  carbons  at  any  moment 
could  be  determined.  The  experiment  was  made  thus : — 
The  bridge-piece  was  put  into  D,  and  the  carbons  by  means 
of  a  rack  adjustment  separated  until  a  good  steady  light  was 
obtained,  when  readings  of  the  ammeter  and  voltmeter  were 
taken.  A  second  bridge-piece  was  now  put  into  0  and  that 
in  D  quickly  withdrawn,  the  effect  being  to  suddenly  increase 
the  number  of  cells  in  circuit  producing  the  light,  increasing 
therefore  the  current  without  interrupting  it,  and  without 
changing  the  distance  between  the  carbons,  as  the  lamp 
had  no  automatic  adjusting  arrangement.  Headings  of  A 
and  V  were  then  quickly  taken  and  the  operation  reversed — 
that  is,  the  bridge-piece  put  into  D  and  that  in  G  quickly 
withdrawn,  which  had  the  effect  of  again  reducing  the 
current ;  and  if  the  change  back  again  were  effected  not  long 
after  the  first,  the  carbons  were  not  sufficiently  burnt  away 
by  the  stronger  current  to  make  the  light  go  out  when  the 
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current  was  reduced,  so  that  a  third  set  of  readings  of  A  and 
V  could  be  taken.  In  this  way,  for  the  same  distance  between 
the  carbons  two  readings  of  the  lower  current  and  its  corre- 
sponding carbon  difference  of  potentials,  and  one  intermediate 
reading  of  the  higher  current  with  its  carbon  difference  of 
potentials,  were  obtained.  The  whole  experiment  was  now 
repeated  with  the  cells  P  0  and  P  B  instead  of  P  D  and  P  C. 
The  following  is  a  sample  of  the  results  obtained  from  a 
number  of  tests  with  30,  40  and  50  Grove  cells  : — 

Difference  of        Work  in  foot- 
Number  of  Current,  in    potentials  between     pounds  per 
cells.  amperes.        carbon,  in  volts,     second  in  arc. 

30     6-52  30-4  146-2 

40     10-16  30-4  227-8 

50     11-92  30-4  267-2 

The  last  current  is  therefore  nearly  double  the  first,  but  the 
difference  of  potentials  between  the  carbons  is  not  materially 
altered  by  the  increase  of  the  current  and  the  light. 

Subsequently  a  large  number  of  experiments  were  made 
using  a  Brush  dynamo  in  place  of  the  Grove  cells,  and  in- 
creasing and  diminishing  the  current  by  suddenly  increasing 
and  diminishing  the  resistance  in  circuit  without  stopping  the 
current. 

In  the  earlier  experiments  for  each  current  its  value  was 
read  on  the  ammeter  as  well  as  the  difference  of  potentials 
between  the  carbons  on  the  voltmeter;  but  since  even  with  a 
very  dead-beat  ammeter  some  little  time  must  elapse  when 
the  currents  are  alternately  doubled  and  halved  by  taking 
out  and  inserting  resistance  in  circuit,  and  since  even  with 
a  slight  delay  the  stronger  current  bums  away  the  carbon 
points  very  rapidly,  and  so  makes  the  distance  between  them 
for  the  stronger  currents  greater  than  for  the  weaker,  it 
was  thought  better  in  the  later  experiments  merely  to  take 
readings  of  the  voltmeter  when  the  resistance  was  altered 
backwards  and  forwards  suiBciently  to  alternately  treble  and 
diminish  to  one  third  the  current  as  shown  by  the  earlier  ex- 
periments. The  following  are  samples  of  the  readings  of  the 
voltmeter,  the  distance  between  the  carbons  in  each  case 
being  fixed  and  the  current  alternately  trebled  and  diminished 
to  one  third. 
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DiOference  of 
Current  potentials  between 

approximately.  carbons,  in  volts. 

1  26-5 

3  26-5 

1  24-5 

3  25-5 

1     26*5     Distance  between 

3     26-5         carbons  re- 

1     25*5        adjusted. 

3 265 

3  32       A  somewhat 

1  30  greater  dis- 

3  39*5        tance  between 

1  30  the  carbons. 

3  34 

1  34 

3  36 

1  38 

3  30 

1  28 

3  30 ' 

3  30    Distance  between 

1  28         carbons  re- 

3  30        adjusted. 

1  28 

3  30 

It  would  appear  therefore  that  for  a  fixed  distance  between 
the  carbons  the  difference  of  potentials  necessary  to  maintain 
the  arc  is  nearly  but  not  quite  independent  of  the  current, 
the  electromotive  force  requiring  to  be  slightly  increased  when 
the  current  is  very  much  increased. 

2.  The  second  part  of  the  investigation  was  for  the  purpose 
of  ascertaining  in  what  way  the  differences  of  potentials 
between  the  carbons  varied  with  the  length  of  the  arc  when 
the  current  was  kept  constant.  For  this  purpose  the  arc  was 
projected  on  a  distant  scale  by  means  of  a  lens,  the  magnifying- 
power  of  the  arrangement  being  calculated,  first,  by  comparing 
the  distance  between  the  scale  and  the  lens  with  the  distance 
between  the  arc  and  the  lens,  secondly  by  putting  close  to 
the  arc  a  piece  of  carbon  of  known  thickness  and  measuring 
quickly  the  thickness  of  its  image  as  projected  on  the  distant 
screen,  before  the  piece  of  carbon  had  time  to  bum. 
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For  each  set  of  experiments  a  particular  current  was  de- 
cided on :  the  carbons  were  put  successively  at  different 
distances  apart  and  the  resistance  in  the  circuit  varied  until 
the  prearranged  current  was  flowing  through  the  arc,  when 
instantly  the  actual  projected  distance  between  the  carbons  on 
the  screen  was  read  off  and  the  difference  of  potentials  between 
the  carbons  in  volts  ;  or  the  resistance  in  the  circuit  external 
to  the  lamp  could  be  left  fixed,  and  the  carbons  gradually 
withdrawn  until  the  prearranged  current  was  flowing  through 
the  arc,  when,  as  before,  the  projected  length  of  arc  and  the 
difference  of  potentials  between  the  carbons  was  read  off.  A 
large  number  of  experiments  were  made  in  this  way  with  a 
Brush  machine  for  currents  varying  between  5*5  and  10*4 
amperes,  the  distances  between  the  carbon  points  from  0  to  one 
and  a  quarter  inch,  and  the  difference  of  potential  varying 
from  0  to  140  volts,  the  carbons  being  0*24  inch  thick.  The 
result  when  plotted  gave  a  curve  similar  to  that  shown  in  fig.  2 
(p.  202),  horizontal  distances  representing  distances  between 
the  carbon  points,  and  vertical  distances  the  difference  of  poten- 
tials between  the  carbons.  For  all  the  currents  approximately 
the  same  curve  was  obtained — ^a  result  to  be  expected,  seeing 
that  the  first  investigation  showed  that  the  difference  of 
potentials  between  two  carbons  necessary  to  produce  an  arc 
depended  almost  entirely  on  the  distance  between  them,  and 
hardly  at  all  on  the  strength  of  the  current.  The  equation  to 
the  curve  we  find  to  be  approximately  as  follows  : — 
E  =  63  +  55a-63xl0-»% 

where  E  is  the  difference  of  potentials  in  volts  between  the 
carbons,  and  a  the  distance  between  their  points  in  inches. 
It  will  be  seen  that  at  first  the  difference  of  potentials 
necessary  to  maintain  the  arc  increases  rapidly  with  the 
distance,  and  that  at  a  distance  of  about  one  tenth  of  an  inch 
it  is  about  60  volts.  From  this  the  curve  bends  rapidly  up 
to  a  point  corresponding  with  a  distance  between  the  carbons 
of  about  one  quarter  of  an  inch ;  and  for  greater  distances 
between  the  carbons  than  one  quarter  of  an  inch,  the  increase 
of  difference  of  potentials  becomes  nearly  proportional  to  the 
increase  of  distance,  being  about  54  volts  per  inch  increase. 

This  law  is  very  like  that  found  by  Mr.  C.  F.  Varley  for 
the  discharge  through  a  vacuum-tube,  which  was  that  the 
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Fipr.  2. — The  Reflistnricft  of  the  Electric  Arc. 
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current  was  proportional  to  the  dlflFerence  of  potentials 
minus  a  constant;  for  this  is  equivalent  to  saying  that,  cceteiia 
partbusythe  difference  of  potentials  necessary  to  produce  a  fixed 
current  is  proportional  to  the  length  of  the  tube  plus  a  con- 
stant. The  curve  we  have  obtained  is  also  strikingly  like  that 
obtained  by  Drs.  W.  De  La  Hue  and  Hugo  Miiller  for  the 
connexion  between  the  electromotive  force  and  the  distance 
across  which  it  would  send  a  spark*.  These  gentlemen  also 
made  experiments  on  the  electric  arc  with  their  large  battery  ; 
but  we  do  not  find  recorded  any  results  with  carbon  points. 
On  page  185  of  the  reprint  from  the  '  Philosophical  Transac- 
tions'  of  the  account  of  their  researches,  the  result  of  an 
experiment  in  air  between  two  brass  points  is  given  ;  but 
according  to  that,  when  the  arc  was  half  an  inch  in  length  the 
difference  of  potentials  between  the  brass  points  was  that  of 
657  of  their  cells,  or  about  700  volts.  How  far  the  very  high 
electromotive  force  found  by  Drs.  W.  De  La  Rue  and  Hugo 
Miiller,  to  be  necessar}*^  in  this  case,  arose  from  a  combination 
of  the  material  employed  for  the  electrodes  and  the  smallness 
of  the  diameter  of  the  brass  electrodes,  or  whether  the  law  that 
"  the  electromotive  force  necessary  to  maintain  an  arc  depends 
mainly  on  the  length  of  the  arc  and  hardly  at  all  on  the 
strength  of  the  current "  fails  when  the  current  is  below  a  cer- 
tain small  limit,  we  are  unable  to  say  ;  but  of  course  both  the 
diameter  of  the  brass  electrodes  they  employed  and  the 
strength  of  the  current  that  was  passing  (0*025  ampfere) 
in  the  arc  was  very  much  less  than  that  used  in  any 
ordinary  electric  light,  and  to  which  the  experiments  of  Mr. 
Schwendler  and  ourselves  especially  refer.  It  is  very  pro- 
bable that  the  difference  in  the  material  of  the  electrodes  has 
mainly  to  do  with  the  difference  between  their  results  and 
ours;  and  we  think  it  veiy  probable  that  with  very  soft  carbons 
an  arc  of  a  given  length  could  be  maintained  with  a  much  less 
difference  of  potentials  than  that  found  by  us,  since  it  would 
be  more  easy  for  a  shower  of  carbon  particles  to  be  main- 
tained between  the  ends  of  the  carbons. 

We  have  used  as  the  title  of  this  short  communication  the 
Eesistance  of  the  Electric  Arc  ;  but  we  are  perfectly  aware  of 

•  Page  82  of  the  Reprint  of"  Experimental  Researches  on  the  Electric 
Discharge,"  Phil.  Trans,  part  i.  vol.  169. 
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the  objections  to  this  expression.  How  far  the  opposition  to 
the  passage  of  the  currents  in  an  electric  arc  is  due  to  pure 
resistance^  and  how  far  to  an  opposing  electromotive  force^  is 
np  to  the  present  time  by  no  means  certain.  That  there  is 
some  opposing  electromotive  force^  seeing  that  mechanical 
disintegration  of  the  carbon  and  transporting  of  its  particles 
occurs^  is,  as  was  pointed  out  some  years  ago  by  Edlund, 
almost  certain ;  but  seeing  that  this  opposing  electromotive 
force  ceases  to  exist  with  the  extinction  of  the  arc,  and 
probably  varies  as  the  pure  resistance  varies,  and  further 
remembering  that  an  opposing  electromotive  force  which  has 
no  existence  apart  from  a  combined  resistance  acts  in  any 
electrical  test  exactly  as  a  resistance,  it  must  be  always  very 
difficult  experimentally  to  separate  them.  All  of  course  that  we 
can  measure  electrically  is  the  difference  of  potential  between 
the  carbons  and  the  current  passing  between  them  ;  and  this 
is  what  we  have  been  measuring  all  through  these  two  inves- 
tigations. 

It  may  be  here  noted  that  in  all  probability  the  conduction 
from  particle  to  particle  in  a  microphone  is  of  the  nature  of  a 
small  electric  arc,  or,  rather,  perhaps  a  convective  discharge, 
seeing  that  the  resistance  in  a  microphone  varies  with  the 
^  current  used  to  measure  it ;  indeed  it  is  probable,  when  the 
pieces  of  carbon  or  other  material  employed,  are  so  pressed 
together  that  close  intimacy  of  contact  of  the  particles  makes 
the  resistance  tolerably  independent  of  the  current,  that  then 
the  pieces  of  carbon  will  not  act  as  a  microphone  at  all. 

We  have  to  thank  Messrs.  W.  Atkinson  and  Lt.  B.  Atkinson, 
two  of  our  students,  for  much  assistance  rendered  us  in  these 
experiments. 


XXIV.  On  Polarizing  Prisms.  By  E.  T.  Glazbbbook,  if.-4., 
F.R.S.,  Fellow  and  Lecturer  of  Trinity  College^  Demonstrator 
in  the  Cavendish  Laboratory,  Cambridge  *. 

In  a  paper  on  NicoVs  prism  (Phil.  Mag.  vol.  x.  1880)  I 
have  considered  some  of  the  defects  of  iNicol's  prism  as  a 
means  of  producing  plane-polarized  light.     In  the  present 

•  Read  April  14, 1883. 
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paper  I  propose  to  describe  a  form  of  polarizing  prism  free 
from  most  of  these.  For  many  purposes^  one  of  the  great 
objections  to  Nicol's  prism  is  the  lateral  displacement  pro- 
duced by  it  in  the  image  of  an  object  viewed  through  it.  If 
we  place  a  Nicol  before  the  object-glass  of  a  telescope,  on 
turning  the  Nicol  round  its  axis  the  image  moves  across  the 
field.  This  has  been  remedied  somewhat  by  cutting  prisms 
with  their  ends  at  right  angles  to  their  length,  and  making 
the  angle  between  the  normal  to  the  face  on  which  the  incident 
light  falls  and  the  plane  of  Canada  balsam  such  that  the 
ordinary  ray  is  totally  reflected  there  while  the  extraordinary 
ray  passes  through.  But  this  is  not  entirely  successful ;  for  let 
A  B  C  D  (fig.  1)  be  a  section  of  such  a  prism  by  a  plane  parallel 
to  the  edge  B  C  and  at  right  angles  to  the  Canada  balsam. 
Let  F  Q  be  the  trace  of  the  balsam.  In  an  ordinary  Nicol's 
prism  A  B  would  be  inclined  at  about  14P  to  A  D,  and  F  Q 

Fig.l. 


would  be  at  right  angles  to  A  B,  AD  and  B  C  being 
parallel  to  edges  of  the  rhomb  of  spar.  In  the  case  now 
being  considered,  A  B  is  at  right  angles  to  B  C,  B  C  being 
still  parallel  to  a  rhombic  edge. 

Consider  a  ray  R  S  incident  normally  on  A  B.  The  ordinary 
ray  S  T  enters  the  spar  without  deviation,  but  is  reflected  by 
the  balsam  at  T  in  direction  T  K ;  the  extraordinary  ray  is 
refracted  at  the  face  A  B  in  direction  T  U,  and  turned  from 
its  original  path  in  virtue  of  the  extraordinary  refraction.  It 
emerges  along  U  V  parallel  to  its  original  direction,  but  dis- 
placed to  one  side,  so  that  the  extraordinary  image  of  the 
object  seen  is  displaced  to  one  side  by  the  passage  of  the 
light  through  the  spar. 

In  the  prism  considered  in  fig.  1,  the  optic  axis  lies  in  the 
plane  of  the  paper,  making  an  angle  of  57°  SCX  with  B  C. 
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Suppose  now  we  cut  a  rectangular  parallelepipedon  from  a 
piece  of  spar,  in  such  a  way  that  two  of  its  faces  are  at  right 
angles  to  the  optic  axis  while  the  other  four  are  parallel 
to  it. 

Let  A  B  C  D  (fig.  2)  be  a  section  of  the  solid  by  a  plane  also 
at  right  angles  to  the  optic  axis,  and  therefore  parallel  to, two 
faces  and  at  right  angles  to  the  other  four  ;  and  suppose  that 

Fig.  2. 


BC  is  about  three  times  AB.  Let  PQ  be  inclined  at 
about  20°  to  B  C,  and  suppose  the  prism  cut  in  two  by  a 
plane  at  right  angles  to  the  paper  and  passing  through  to 
F  Q.  Then  let  the  faces  of  section  be  polished,  and  cemented 
together  with  Canada  basam.  The  optic  axis  will  be  at  right 
angles  to  the  plane  of  the  paper,  and  the  section  of  the  wave- 
surface  by  that  plane  will  be  two  circles  of  radii  A  and  C, 
these  being  the  ordinary  and  extraordinary  wave-velocities 
respectively.  Hence  a  ray  falling  on  the  face  A  B  in  any 
direction  in  the  plane  of  the  paper  will  be  divided  into  two, 
which  will  both  undergo  ordinary  refraction,  so  that  if  the 
incident  ray  be  normal  to  the  face  A  B,  the  extraordinary  and 
ordinary  rays  in  the  prism  will  coincide  in  direction,  both 
being  normal  to  the  same  face.  The  extraordinary  ray  is  not 
deviated  by  the  refraction  ;  so  that  no  lateral  displacement  of 
the  extraordinary  image  is  produced  by  the  prism.  The 
ordinary  ray  is  incident  at  about  70°  on  the  face  P  Q ;  it  is 
therefore  totally  reflected,  and  the  emergent  light  is  plane- 
polarized.  The  prism  difiers  from  one  defiteribed  by  Prof.  S. 
P.  Thompson  (Phil.  Mag.  Nov.  1881)  only  in  the  fact  that 
its  ends  are  normal  to  its  length  instead  of  being  inclined 
obliquely  to  it.  But  this  form  of  prism  has  other  and  more 
important  advantages. 

Let  0  M,  0  N  (fig.  3)  be  two  extraordinary  wave-normals 
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Fig.  3. 


and  0  A  the  optic  axis.  Pass  a  plane 
M  0  A  through  0  M  and  0  A,  and  in 
this  plane  draw  0  P  at  right  angle 
to  0  M  ;  then  0  P  is  the  direction  of 
vibration  in  the  wave  which  travels 
along  0  M.  Similarly,  if  N  0  A  be  a 
plane  through  0  N  and  0  A,  and  0  Q 
a  line  in  it  at  right  angles  to  ON, 
0  Q  is  the  direction  of  vibration  for 
the  wave  along  ON;  and  it  may 
happen^  clearly,  that  0  P  and  0  Q  are 
inclined  to  one  another  at  a  large 
angle  even  when  OM  and  ON  are 
close  together.  Suppose,  then,  that  the 
extraordinary  pencil  of  wave-normals 

which  is  traversing  the  spar  is  slightly  conical,  and  that  0  N, 
0  M  are  two  of  the  wave-normals  ;  the  planes  of  polarization 
are  inclined  to  each  other  at  an  angle  equal  to  P  0  Q ;  and  this 
may  be  considerable.  Or,  again,  suppose  that  we  have  a 
polarized  pencil  of  parallel  wave-normals  incident  on  the 
prism.  We  determine  the  position  of  their  plane  of  polariza- 
tion by  turning  the  prism  until  no  light  passes  through.  Sup- 
pose  that,  when  this  is  the  case,  the  incident  light  is  parallel  to 
0  M.  Now  let  the  plane  of  polarization  of  the  incident  light 
be  rotated,  and  suppose  we  wish  to  measure  this  rotation  ;  we 
turn  the  prism  until  the  light  is  again  quenched.  Theoretically 
the  axis  round  which  the  prism  has  been  turned  should  be 
parallel  to  0  M.  In  practice  it  is  difficult  to  ensure  this;  and 
in  general  the  direction  of  the  wave-normal  relatively  to  the 
optic  axis  will  be  changed,  and  may  now  be  0  N  say.  But 
since  the  planes  of  polarization  of  the  waves  along  0  M  and 
0  N  are  different,  the  angle  through  which  the  prism  has  been 
turned  will  not  be  the  angle  through  which  the  plane  of  pola- 
rization of  the  incident  light  has  moved. 

Now  Nicol's  prism  is  so  cut  that  the  angle  between  the 
planes  of  polarization  of  two  waves  inclined  to  each  other  at 
but  a  small  angle  as  they  traverse  the  crystal  is  considerable. 
If,  then,  a  slightly  conical  pencil  traverse  the  prism,  the  angles 
between  the  planes  of  polarization  of  the  different  waves  are 
considerable;  or  if  a  parallel  pencil  traverse  the  prism  inclined 
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at  but  a  small  angle  to  the  axis  of  rotation,  and  the  plane  of 
polarization  of  this  beam  be  rotated,  that  rotation  will  diflFer 
considerably  from  the  angle  through  which  the  prism  has  to 
be  turned  to  reestablish  blackness. 

In  onr  figure  the  wave  along  0  M  is  polarized  in  a  plane 
at  right  angles  to  0  P,  that  along  0  N  in  a  plane  at  right 
angles  to  0  Q.  Consider  now  a  conical  pencil  of  wave-nor- 
mals in  air:  it  is  clearly  impossible  for  it  to  be  plane-polarized, 
if  by  plane  polarization  we  mean  that  the  directions  of  vibra- 
tion are  parallel  to  the  same  line;  for  we  cannot  have  a  series 
of  lines  touching  a  sphere  all  parallel  to  the  same  line.  Such 
a  pencil,  however,  may  be  said  to  be  most  nearly  plane-pola- 
rized when  all  the  directions  of  vibration  are  parallel  to  the 
same  plane  ;  and  this  plane  will  be  that  which  passes  through 
the  axis  of  the  pencil  and  the  direction  of  vibration  for  the 
wave-nonnal  which  coincides  with  the  axis.  For  if  this  be 
the  case,  the  whole  of  the  pencil  can  pass  unaltered  either  as 
an  ordinary  or  extraordinary  wave  through  a  piece  of  spar  on 
which  its  axis  falls  normally,  provided  that  the  optic  axis  of 
the  spar  be  respectively  either  at  right  angles  to  or  parallel 
to  the  plane  in  question.  Using  "plane  polarization"  in  this 
sense,  we  proceed  to  consider  when  a  conical  pencil  of  given 
vertical  angle  travelling  in  a  piece  of  uniaxal  crystal  is  most 
nearly  plane-polarized. 

Now  let  0  M  (fig.  3)  be  the  axis  of  the  pencil,  and  0  P  the 
direction  of  vibration  for  the  light  travelling  along  0  M,  and 
let  0  N  be  any  other  -wave-normal.  According  to  the  above 
statement,  the  conical  pencil  will  be  most  nearly  plane-pola- 
rized if  the  vibration  travelling  along  0  N  is  parallel  to  the 
plane  POM.  If,  however,  the  pencil  be  travelling  in  a 
crystal,  it  is  clearly  impossible  in  general  for  the  displacement 
along  0  N  to  be  parallel  to  this  plane.  For  let  0  A  be  the 
optic  axis ;  0  A  lies  in  the  plane  MOP.  Pass  a  plane  through 
0  A,  ON,  and  in  it  draw  0 Q  at  right  angles  to  0  N ;  0 Q  is 
the  direction  of  displacement  which  travels  along  0  N,  and 
0  Q  is  not  parallel  to  the  plane  POM. 

We  can  resolve  the  displacement  along  0  Q  into  two,  in  and 
perpendicular  to  the  plane  POM.  The  light  then  will  be 
most  nearly  plane-polarized  when  the  average  intensity  of  the 
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vibrations  normal  to  this  plane  is  least ;  and  it  remains  to  find 
the  condition  for  this. 

In  fig.  3  let  QR  be  perpendicular  to  AP.  Let  AM=a, 
NM=i8,  AN=5,  AMNa^.  Let  p  be  the  amplitude  of  the 
displacement  along  OQ.  The  displacement  normal  to  the 
plane  PAM  is  p  sin  QR,  and  the  intensity  of  the  wave  is  pro- 
portional to  p^  sin*  QR. 

We  are  to  consider  a  hollow  conical  pencil  with  OM  as  axis. 
An  element  of  such  a  pencil  at  N  will  be  sin  fid<f> ;  and  the 
total  energy  in  the  pencil^  so  far  as  it  depends  on  the  dis- 
placement normal  to  the  plane  PAM,  is 


Now 


jfVsi 


2  I  p*sin)8sin*QRrf</). 


AQ=f-^, 
sin  QK=  sin  AQ  sin  RAQ 
=  cos  5  sin  NAM, 

•    XT  A  nr     sin  d>  sin  j3 

sm  NAM=  — :   a       ; 
sm^ 

.*.  sinQR=  cotdsin<^sin)3 (1) 

Also  cos  5  =  cos  a  cos  ^  +  sin «  sin  /8  cos  ^.     .     .     (2) 

Substituting  in  the  value  of  sin  QR,  we  find  for  the  energy 
required  the  expression 

9/^  *  '  R  r'  ^'Q^  <^(cos  a  cos  )8  +  sin  «  sin  ff  cos  <^) V^  .«. 

^  J^      1— (cos«cos)8+ sinasin)3cos<^)^      •    •    .  / 

And  we  require  to  evaluate  this  integral. 
Let 

cos  a  cos  /8= a,     sin  a  sin  /8= 6. 
Then 

T'  sin*  <f>  (cos  flt  cos  /8  +  sin  a  sin  )8  cos  <ff  d<f} 
j^       1  —  (cos  a  cos  i8 + sin  a  sin  /3  cos  <^)* 
C'  sin*  <f>(a  +  b  cos  ^)*  d<f> 
"Jo       l-(a  +  6cosi^/ 

The  first  terra 

,  f '  f         sin* <f>  sin*<^         1   ,, 

-  *J^  \  l-(a  +  6cos^)  ^  li-(a  +  bco84>)i^' 
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But 


C08<^  C^'-'iP 


TTc      €^—dP        2        ir 
if  c  is  >  dy 


}d^ 


Hence 


I 


l,l-a-6tos<^^^=^U-^-V^(l-^«+'^'-^)^'    W 


I 


for  we  can  easily  show  that  c  is  >  (2  in  this  case.     And 

.  r+atlts^^^'  6^  U+a-v/(I+2^^^^     (5) 
And  the  required  integral  is 

^{2-v/(l-2a  +  a2-ft'')->/(H-2a  +  a^-6*0-6'K  .    (6) 

But 

a^— y=:  cos'acos'/3— sin*asin'/3=cos*a+  cos'/3— 1. 

Hence^  since  the  positive  sign  is  to  be  attached  to  the  roois^  we 
have,  if /3  be  <  a, 

Intensity  required 

=  ^^.  a       i2— (cos  0— cos  a)— (cos  /3  +  cos  «)— sin*  j3  sin*«l 
sin  c(     '  ' 

=V8in/3(l-cos/3)|^-A^~(l+cos^)} 

= 47r/)'  sin  /3  sin*  |  -|  cosec'  a  —  cos*^  J- (7) 

And  if  a  be  <  /3, 
Intensity 
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In  the  first  case  the  intensity  is  clearly  least  when  a  is  - ,  its 
value  then  being 

7rp'8in^(l— cos/3)*; 

and  in  the  second  case  it  is  least  when  a  is  0,  and  its  value  is 

irp^  sin  fi  cos'  /S, 

This  second  minimum  will  be  greater  than  the  other  if 

cos/3  is  >  1—  C05/3, 

t.  e.  if  cos  /3  is  >  i, 

t.  e.  if  /3  is  <  60^. 

If,  then,  a  conical  pencil  whose  semi-  vertical  angle  is  less 
than  60°  be  passing  through  the  spar,  the  pencil  will  be  most 
nearly  plane-polarized  if  the  axis  of  the  pencil  is  at  right 
angles  to  that  of  the  spar. 

Now  if  the  axis  of  a  conical  pencil  pass  normally  through  a 
prism  cut  as  already  described,  it  will  be  at  right  angles  to  the 
optic  axis;  and  hence  the  pencil,  if  its  semi-  vertical  angle  be 
less  than  60°,  will  be  more  nearly  plane-polarized  than  it  would 
be  if  the  axis  occupied  any  other  position.  This  constitutes  a 
second  advantage  in  favour  of  the  new  prism. 

Again,  suppose  we  have  a  parallel  pencil  of  wave-normals 
in  direction  ON,  and  that  the  axis  round  which  the  prism 
rotates  is  OX  (fig.  4).  In  our  observations  we  suppose  that 
these  two  coincide,  and  work  as  if  the  plane  of  polarization  of 
the  emergent  light  coincided  with  that  of  light  travelling  along 
OX,  thus  introducing  an  error.  The  amount  of  this  error  will 
depend  of  course  partly  on  the  angle  NX  (/3  say),  and  partly 
on  the  angle  NXA  (^  say),  OA  being  the  optic  axis.  If  we 
know  /3  and  <^  we  can  calculate  the  error,  and  could  determine 
the  value  to  be  given  to  XA  or  a  to  make  it  the  least  possible. 

But  in  practice  <f}  may  be  anything  between  0  and  27r,  and 
fi  anything  between  0  and  a  not  very  large  angle  /S^ ;  and 
the  question  arises,  what  value  must  we  assign  to  a  in  order 
that  the  error  produced  by  any  chance  values  of  j3  and  if>  may 
most  probably  be  as  small  as  possible  ?  To  answer  this  we 
require  to  determine,  between  these  limits  for  /3  and  ^,  the 
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mean  of  the  values,  irrespective 
of  sign,  of  the  amplitudes  of  the 
vibrations  normal  to  the  plane 
OAX. 

Let  0  Q  be  the  direction  of 
vibration  for  the  wave-normal 
0  N,  and  Q  R  perpendicular  on 
the  plane  AX.  Then  the  dis- 
placement normal  to  the  plane 
AOX  is  psin  QR;  and,  with  the 
same  notation  as  before,  the  ave- 
rage displacement 


=  ^j  sin/3sin<^cottfd<^ (9) 


Also  sin  d  c2d=  sin  a  sin  /3  sin  ^  dff>, 

Hence  average  displacement 


fcos^d^ (10) 


27r  sin  a^ 

We  must  consider  now  the  limits  between  which  the  inte- 
gral is  to  be  taken.  Fig.  5. 

Describe  a  circle  (fig.  5)  pass- 
ing through  N  with  X  as  centre, 
and  cutting  A  X  in  L  and  M, 
and  if  possible  let  Ni  be  a  point 
on  this  circle  such  that 

Suppose  we  treat  displacements 
to  the  right  of  AX  as  positive. 
When  N  coincides  with  L^ 

If  N  lies  between  L  and  Ni,  Q  is  to  the  right  of  AX,  as  in 
figure,  and  the  displacement  is  positive.     We  must  therefoi*e 

IT 

integrate  for  0  from  a  — /3  to  « •     But  if  N  lie  between  Ni  and 

M,  Q  will  be  to  the  left  of  AX,  and  the  displacement  will  be 
negative.  Thus,  to  get  the  whole  average  displacement,  irre- 
spective of  sign,  we  have  to  subtract  the  value  of  the  integral 
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from  ^  to  a  H-/3.     If,  however,  a  +/3  is  <  g,  no  position  such 

as  Ni  can  be  found,  and  we  have  to  integrate  straight  from 
a— /3  to  a  +  /3.  The  same  is  true  for  positions  of  N  on  the 
other  side  of  AX. 

Hence,  in  the  first  case,  the  average  displacement  normal  to 
the  plane  is 

5-^  I  f 'cos  eae^  C^^cos  eaeX 

=  — ^ —  U— 8in(a-/3)  +  l— sin(a  +  /3)^ 

7r  I  sm  «  '^  J 

=  — |cosec«— cosjSj (11) 

And  in  the  second  case  it  is 

^—  \        cos  5  de=  —4—  48in(a  +  fl)  -sin(a  -/3)  } 

=  ^cot«sin/3 (12) 

The  first  is  clearly  least  when  a  is  ^  ;  the  second  decreases  as 

a  increases,  but  has  no  minimum  ;  for  after  a  time  we  should 

reach  a  point  at  which  a  +/3  became  equal  to  ^,  and  then  the 

limits  would  require  changing  :  for  this  value,  of  course,  the 
two  integrals  are  the  same. 

Thus  the  average  displacement  normal  to  the  plane  OAX 
is  least  when  OX  is  at  right  angles  to  the  optic  axis,  and  hence 
the  average  error  in  the  position  of  the  plane  of  polarization 
is  least  also.  The  average  displacement  just  calculated  is  of 
course  that  for  a  given  value  of /3.  If  we  require  the  average 
for  any  value  of  ^  between  0  and  /3i,  we  must  multiply  our 
expressions  (11)  and  (12)  by  d|3,  and,  integrating  from  0  to 
/3i,  divide  the  result  by  /Sj. 

To  show  the  difference  in  this  respect  between  the  new  prism 
and  Nicol's,  let  us  calculate  the  displacement  normal  to  the 
plane  AOX  in  the  two  cases,  supposing  the  value  of  /3  is  5°. 


27rsin-^.^_^ 
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In  Nicol's  prism,  a =63°  30';  so  that  «  +/3  is  less  than  ^j  and 

the  second  formula  (12)  must  be  taken.    The  ratio  of  the  two 
displacements  is  therefore 

"^^f°^^f^  =  cot63°3(ycot-^; 
1— cosp  "Z 

and  substituting  the  value  /8=5°,  this  comes  to  434  :  39,  or 
about  11  to  1.  Thus  the  average  error  in  the  position  of  the 
plane  of  polarization  as  determined  by  the  new  prism  will  be 
about  one  eleventh  of  that  which  would  be  produced  by  the 
same  errors  of  adjustment  with  a  Nicol's  prism;  while  the 
amount  of  light  polarized  out  of  the  proper  plane  will  be  less 
than  one  per  cent,  of  that -which  would  be  produced  by  a  Nicol. 
Again,  suppose  the  prism  is  turned  through  an  angle  to 
about  OX  (fig.  6),  and  let 
us  inquire  what  is  the  angle  ^^'    ' 

through  which  the  plane  of 
polarization  of  the  emer- 
gent light  is  rotated.  Let 
OA'  be  the  new  position 
of  the  optic  axis.  Join 
MA,  MA',  and  in  them 
take  points  P,  P'  such  that 

MP=MF=|.  OP,  OF 

are  the  directions  of  vibration  for  the  waves  travelling  along 
OM  in  the  two  positions  of  the  prism  respectively.  The 
angle  through  which  the  plane  of  polarization  has  been  turned 
is  P  P'  or  P  M  P',  that  through  which  the  prism  has  been 
turned  is  A  X  A';  and  we  require  to  investigate  the  conditions 
under  which  the  average  difference  between  these  two  for  all 
possible  positions  of  M  within  a  certain  distance,  /S,  say,  of  X. 

Now  we  have  seen  already  that  if  the  axis  of  rotation  be  at 
right  angles  to  the  optic  axis,  the  average  error  produced  in 
the  determination  of  the  position  of  the  plane  of  polarization 
for  each  of  the  two  positions  of  the  prism  will  be  a  minimum; 
and  hence  it  follows  that  the  average  error  in  the  angle  be- 
tween these  two  positions  is  a  minimum  also. 

All  these  results,  of  course,  hold  only  for  the  position  of  the 
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plane  of  polarization  of  the  light  when  in  the  crystal^  and  will 
be  modified  by  the  refraction  that  takes  place  as  the  waves 
emerge  into  the  air.  But  since  the  ends  of  the  prism  are 
normal  to  its  lengthy  for  all  the  waves  considered  the  inci- 
dence is  very  nearly  direct,  and  the  change  produced  by 
refraction  in  the  position  of  the  plane  of  polarization  is  very 
small  indeed. 

Thus  a  prism  cut  as  described  possesses  the  following  advan- 
tages over  Nicol's  prism: — 

1.  There  is  no  lateral  dispacement  in  the  apparent  position 
of  an  object  viewed  through  it. 

2.  A  conical  pencil  whose  axis  passes  directly  through  is 
more  nearly  plane-polarized  than  would  be  the  case  if  the  axis  of 
the  prism  were  related  to  that  of  the  spar  in  any  other  manner. 

3.  If  the  direction  of  the  wave-normal  within  the  prism 
does  not  quite  coincide  with  the  axis  of  rotation,  the  average 
error  in  the  position  of  the  plane  of  polarization  is  less  than 
for  any  other  method  of  cutting. 

I  hope  shortly  to  have  some  prisms  cut  by  Mr.  Hilger  in 
this  manner,  and  to  test  by  means  of  them  the  theoretical 
conclusions  arrived  at  in  the  paper. 

Note  added  April  26th. 

If  the  plane  of  section  PQ  be  inclined  to  BC  at  an  angle 
of  20°,  as  in  fig.  2,  the  angular  aperture  of  the  field  will  be 
small,  only  about  10°,  and  it  will  be  necessary  that  all  the 
light  travei-sing  the  prism  should  be  very  nearly  parallel  to 
BC.  The  aperture  may  be  increased  up  to  about  20°  by 
lengthening  the  prism  considerably  and  decreasing  the  angle 
between  PQ  and  BC.  If  this  be  reduced  to  11°,  the  aperture 
will  have  its  maximum  value  of  22°. 

The  aperture  may  be  somewhat  increased,  and  the  length 
of  the  prism  shortened,  by  using  as  the  separating  medium 
balsam  of  copaiba,  as  was  suggested  at  the  meeting  of  the 
Physical  Society  at  which  this  paper  was  read. 

The  mean  index  of  refraction  for  this  substance  is  about 
1*52,  as  determined  by  Brewster.  The  angle  of  total  reflexion 
therefore  for  the  ordinary  ray  is  sin*"*  (1*52/  1*66),  or  about 
66°,  while  for  Canada  balsam  this  angle  is  about  68°.     The 

VOL.  V.  8 


Digitized  by 


Google 


216  ON  POLARIZING  PRISMS. 

possible  aperturO;  using  the  balsam  of  copaiba^  thus  is  about 
24°. 

Professor  Thomson's  prism,  mentioned  already,  will  have  a 
wider  field.  But  it  must  be  remembered  that  the  new  prism 
was  not  designed  for  microscopic  work,  but  to  obviate  the 
displacement  in  the  image  referred  to  at  the  commencement 
of  the  paper,  and  to  produce  a  field  in  which  the  plane*polari- 
zation  should  be  as  nearly  as  possible  complete. 
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XXV.  Colour-Sensation.    By  H.  R.  Droop,  M.A.* 

The  generally  received  theory  of  colour-sensation  is  that 
there  are  three  colour-senses  in  the  eye,  and  that  all  the 
diflferent  impressions  of  colour  received  by  the  brain  are  due 
to  those  three  colour-senses  being  affected  in  different  propor- 
tions by  the  light  entering  the  eye.  This  theory  was  origi- 
nally propounded  by  Young,  and  was  revived  by  Helmholtz 
and  Maxwell,  who  established  experimentally  certain  laws  of 
colour-sensation,  from  which  laws  the  theory  of  three  colour- 
sensations  was  a  probable,  but  (as  I  shall  show  further  on)  not 
a  necessary,  inference. 

Maxwell  proved  experimentallyf  that  a  linear  equation  of 
the  form 

XssrV  +  cC  +  ttU 

could  always  be  found,  expressing  any  colour  and  shade  of 
colour  perceived  by  the  normally  constituted  eye  in  the  terms 
of  any  three  given  colours  (whether  pigments — e.  g.  vermilion, 
chrome  yellow,  and  ultramarine — or  selected  rays  of  the  spec- 
trum) as  seen  by  the  same  eye.     This  equation,  when  the 

•  Read  April  28, 1883. 

t  See  Transactions  of  the  Royal   Society  of  Edinburgh,  vol,  xxi. ; 
Philosophical  Transactions,  1860,  p.  67. 
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coeflBcients  v,  c,  and  u  are  all  positive  (t.  e.  when  the  three  given 
colours  are  sufficiently  intense  and  distinct  from  each  other), 
means  that  the  colour  X  could  be  produced  by  combining 
together  {i.  e.  presenting  to  the  eye  simultaneously)  certain 
proportions  of  the  three  given  colours.  From  this  it  obviously 
followed  that  every  such  colour  and  shade  could  be  produced 
by  three  colour-sensations,  each  of  which,  when  excited,  con- 
veyed to  the  brain  the  impression  of  a  homogeneous  colour. 

Helmholtz  arrived  at  the  same  conclusion  by  proving  (see 
Handbuch  der  pkt/sioloffisc/ien  Optik,  p.  282,  ed.  1867)  that 
any  given  colour  could  be  produced  by  combining  a  certain 
quantity  of  white  with  some  particular  colour  of  the  spectrum. 
From  which  he  deduced  that  every  colour  and  shade  of  colour 
depended  on  only  three  independent  variables,  viz.  the  quan- 
tity of  the  spectrum-colour,  the  quantity  of  white,  and  the 
length  of  wave  of  the  spectrum-colour.  But  though  the  theory 
of  three  colour-sensations  was  the  simplest  and  most  obvious 
explanation  of  the  experimental  facts  thus  established^  it  is 
not  (as  has  been  commonly  assumed)  the  only  theory  capable 
of  explaining  them.  They  would  be  equally  well  explained 
by  supposing  that  there  are  four,  five,  or  more  colour-sensa- 
tions connected  by  a  sufficient  number  of  linear  equations  of 
condition  to  reduce  the  number  of  independent  variables  to 
three.  Obviously  this  will  satisfy  all  that  Helmholtz  estab- 
lished. That  it  will  also  explain  the  law  established  by  Max- 
well may  be  shown  as  follows. 

Suppose  that  there  are  four  colour-sensations,  R,  Y,  G, 
and  B  (the  red,  yellow,  green,  and  blue  sensations),  and  that 
each  of  them  is  expressed  as  a  linear  function  of  the  three 
standard  colours,  V,  0,  and  U,  as  every  colour  seen  by  a 
normal  human  eye  can  be  expressed. 

Then  we  shall  have  four  equations  of  the  fonn 


G=r^V-fc^C  +  w^U, 
B=2i?,V+caC  +  waU. 


(A) 


And  when  we  eliminate  V,  C,  and  U  between  these  four 
equations  we  shall  get  a  linear  relation  between  R,  Y,  G,  and 
B,  which  is  the  condition  that  these  four  colour-sensations 
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should  be  capable  of  being  expressed  as  linear  functions  of  V, 
C,  and  U,  t.  «.  should  be  colour-sensations  coexisting  in  a 
normal  eye. 

If  we  supposed  five  colour-sensations,  we  should  have  five 
equations  (A)  between  which  to  eliminate  V,  C,  and  U,  and 
should  get  two  linear  equations  between  the  five  colour- 
sensations. 

The  proposition  that  four  colour-sensations  with  a  linear 
relation  between  them  will  satisfy  Maxwell's  law  may  also  be 
tested  in  another  way,  viz.  by  assuming  that  there  are  four 
colour-sensations  connected  by  a  linear  equation 

rR+yY+^G  +  6B=0, (1) 

and  that  V,  C,  and  U,  the  three  standard  colours,  are  known 
to  result  from  these  colour-sensations  being  efiected  in  certain 
proportions. 

E.  g,  V  is  known  to  result  from  R,  the  red  colour-sensation, 
being  efiected  to  an  extent  r»,  Y  to  an  extent  y^,  G  to  an 
extent  g^y  and  B  to  an  extent  &„;  and  may  therefore  be  repre- 
sented by  the  equation 

V=r3+y»Y+5r,G-f6,B;     ....     (2) 
and  similarly  C  and  U  may  be  represented  by 

C=r3+ycY-f^cG+6eB,      ....    (3) 
U=r«Il+y«Y+5r«G-fJuB (4) 

Then  from  these  four  equations  we  can  express  R,  Y,  G,  and 
B  as  linear  functions  of  V,  C,  U.  But  every  possible  colour 
X  must  be  produced  by  exciting  all  or  some  of  the  four  colour- 
sensations,  and  therefore  must  be  capable  of  being  expressed 
by  an  equation 

X=r,R+y.Y+y,G  +  6zB. 

Consequently,  if  R,  Y,  G,  and  B  be  replaced  in  this  equation 
by  the  linear  functions  of  V,  C,  and  U  which  represent  them, 
every  such  colour  X  can  be  expressed  as  a  linear  function  of 
V,  C,  and  U;  i.  e.  every  such  colour  will  conform  to  the  law, 
which  Maxwell  and  Helmholtz  established,  of  being  capable  of 
being  made  up  of  any  three  standard  colours. 

The  same  reasoning  might  obviously  be  applied  in  like 
manner  to  five  colour-sensations  connected  by  two  linear  equa- 
tions of  condition,  or  to  n  colour-sensations  connected  by 
n— 3  linear  equations  of  condition. 
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I  have  taken  up  this  question  and  endeavoured  to  show  that 
what  Maxwell  and  Helmholtz  established  is  not  inconsistent 
with  the  existence  of  four  or  more  colour-sensations  (provided 
certain  relations  exist  between  them),  because  a  certain  recent 
discovery  seems  to  me  to  have  given  a  particular  hjrpothesis, 
involving  four  colour-sensations,  a  strong  claim  to  be  accepted 
as,  in  the  main,  true.  This  discovery  relates  to  the  colours 
actually  seen  by  colour-blind  persons.  Two  persons  have 
);een  discovered  who,  being  each  colour-blind  of  only  one  eye, 
can  explain  how  far  the  colours  seen  by  their  colour-blind 
eyes  agree  with,  or  differ  from,  those  seen  by  their  normal  eyes. 
It  has  been  found  that  each  of  these  persons  has  two  colour- 
sensations  complementary  to  each  other.  One  sees  yellow  and 
blue,  and  is  blind  to  red  and  green;  while  the  other  sees  red 
and  bluish  green,  and  is  blind  to  blue  and  yellow;  and  with  each 
of  them  the  combination  of  his  two  colour-sensations  in  proper 
proportions  produces  white  or  grey.  Professor  Holmgren,  of 
Upsala,  has  given  an  account  of  both  these  cases  in  the  *  Pro- 
ceedings of  the  Royal  Society,'  vol.  xxxi.  p.  302;  and  Pro- 
fessor Hippel,  of  Giessen,  has  given  an  account  (diflFering  in 
some  respects)  of  the  first  or  blue-yellow  case  in  Grafs  Archiv 
fur  Ophthalmoloffie,  vol.  xxvi.  p.  176,  vol.  xxvii.  pt,  3,  p.  47. 
These  two  cases  suggested  to  Professor  Preyer  of  Jena  a 
theorv  (which  he  propounded  in  1881  in  Pfluger's  Archiv, 
vol.  XXV.)  that  ordinary  eyes  have  two  pairs  of  colour-sensa- 
tions— (1)  yellow  and  blue,  and  (2)  red  and  bluish  green, 
and  that  the  colour-blindness  which  consists  in  confusing  red 
and  green,  or,  as  the  case  may  be,  blue  and  yellow,  is  due  to 
the  absence  of  one  pair  of  these  sensations.  But  Professor 
Preyer  does  not  deal  with  the  difl5culty  that  Helmholtz  and 
Maxwell  are  supposed  to  have  proved,  that  there  cannot  be  more 
than  three  colour-sensations,  although  that  view  is  treated  as 
unquestionable  by  other  recent  writers,  e.  g.  by  Professor  Bon- 
ders (Grafs  ArcUv  fUr  Ophthalmologies  vol.  xxvii.),  and  by 
Professor  v.  Kries,  of  Freiburg  im  Breisgau  {Die  Gesichts- 
empfindungen  nnd  ihre  Analyse,  Leipzig  1882,  p.  33);  and  it 
is  naturally  a  serious  obstacle  to  the  fair  consideration  of 
Professor  Preyer's  theory. 

But  inasmuch  as  Professor  Preyer  supposes  that  in  each 
pair  of  his  colour-sensations  the  one  sensation  is  complemen- 


Digiti 


zed  by  Google 


COLOUR-SENSATION.  22 1 

tary  to  the  other,  we  have  the  equation 

K+G=White=Y  +  B, 

a  linear  relation  between  the  four  colour-sensations;  and 
therefore  it  follows,  from  what  I  have  already  proved,  that 
this  hypothesis  of  two  pairs  of  complementary  colour-sensa- 
tions is  quite  consistent  with  what  Maxwell  and  Helmholtz 
established. 

This  theory  of  Professor  Preyer's  explains  the  leading 
facts  of  colour-blindness,  viz.  that  a  colour-blind  eye  only  per- 
ceives two  homogeneous  colours,  and  that  it  is  unable  to  dis- 
tinguish between  red  and  green,  or,  as  the  case  may  be, 
between  blue  and  yellow.  It  is  impossible  to  ascertain  with 
absolute  certainty  that  persons  who  are  colour-blind  with 
both  eyes  see  the  same  colours  as  the  two  persons  who 
have  been  discovered  colour-blind  of  only  one  eye;  but  it  is 
noteworthy  that  when  Dr.  Pole  made  that  minute  examina- 
tion of  his  colour-blindness,  the  results  of  which  he  gave  in 
the  *  Philosophical  Transactions  '  for  1859,  he  came  to  tlio 
conclusion  that  the  colours  he  saw  were  yellow  and  blue  and, 
as  the  result  of  their  mixture,  white;  and  he  only  gave  up  this 
view  in  deference  to  the  three-sensation  theory  then  suppos<id 
to  be  conclusively  established. 

The  following  facts,  not  connected  with  colour-blindness, 
seem  to  me  to  give  considerable  support  to  the  hypothesis  of 
two  pairs  of  complementary  colour-sensations: — 

(1)  Observations  have  been  made  as  to  the  sensibility  of 
different  parts  of  the  retina  to  different  colours,  and  also  as  to 
the  effect  of  diminishing  the  angles  subtended  at  the  eye  by 
small  coloured  objects;  and  in  both  cases  red  and  green 
colours  are  found  to  comport  themselves  alike,  and  differently 
from  blue  and  yellow.  When  an  object  is  viewed  more  and 
more  indirectly,  so  that  its  image  moves  from  the  yellow  spot 
towards  the  circumference  of  the  retina,  sensibility  to  yellow 
and  blue  lasts  longer  than  sensibility  to  red  and  green;  while, 
on  the  other  hand,  if  the  angular  magnitude  of  the  object  be 
diminished,  sensibility  to  red  and  green  lasts  longer  than  sen- 
sibility to  blue  and  yellow  (von  Kries,  Geskhtsempfindumjeny 
pp.  93,  95). 

(2)  In  cases  where  the  colour-senses  become  affected  by 
disease  of  the  eye,  the  order  in  which  different  colours  .in^ 
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found  to  disappear  agrees  with  the  theory  of  four  colour-sen- 
sations. In  cases  of  atrophy  of  the  optic  nerve,  it  seems 
pretty  clearly  established  that  green  becomes  invisible  first, 
then  red,  then  yellow,  while  the  perception  of  blue  remains 
the  longest  (see  Leber,  Archiv  fUr  Oplithcdinologiej  vol.  xv.; 
Leber,  Handbuch  der  Auffenlieilkunde,  vol.  v.  p.  1039;  Schon, 
Lehre  vom  GesicMsfelde  vnd  seine  Anomalten), 

In  cases  where  the  sight  is  affected  by  excess  in  alcohol  or 
tobacco,  Nuel  found  that  green  and  red  became  invisible  simul- 
taneously, and  blue  and  yellow  later  (^Aniiales  de  VOculiste^ 
80,  p.  110,  as  cited  in  von  Kries,  Gesichtsempjindunffen,  p.  156). 

On  the  other  hand,  the  received  hypothesis  of  three  colour- 
sensations  does  not  readily  explain  how  it  is  that  one  colour- 
blind eye  sees  blue,  yellow,  and  white,  and  another  red,  green, 
and  white,  as  Professors  Holmgren  and  Hippel  have  found  to 
be  the  case.  If  there  are  only  three  colour-sensations,  it  is 
generally  agreed  that  they  must  be  red,  green,  and  violet.  If 
one  of  these  three  sensations  were  wanting,  we  should  natu- 
rally expect  that  the  defective  eye  would  have  the  other  two 
sensations  of  a  normal  eye.  For  instance,  if  the  red  sensa- 
tion were  missing,  we  should  expect  that  the  eye  would 
see  green  and  violet,  and  white  would  appear  of  a  bluish 
green  complementary  to  the  missing  red.  Similarly  if  green 
were  missing,  we  should  expect  that  the  defective  eye  would 
see  red  and  violet;  while  if  violet  were  missing,  it  would 
see  red  and  green,  and  white  would  appear  yellowish  comple- 
mentary to  violet. 

The  only  attempted  explanation  *  I  have  seen  of  this  pro- 
ceeds from  Professor  Donders,  who  suggests  that  where  one 
of  the  three  colour-sensations  has  been  wanting  from  birth, 
its  absence  may  have  modified  the  development  of  the  other 
two  sensations.  He  says: — "The  retina  is  not  an  instrument 
with  three  strings  of  which  one  has  suddenly  snapped.  It  is 
a  living  instrument  whose  three  differently  toned  strings  have 
been  developed  in  conjunction  with  each  other  "  (Grafs  Archiv 
fUr  Ophthalmologie yyo\,  xxvii.  p.  212). 

♦  Professor  Holmgren,  when  communicating  the  two  cases  of  one- 
sided colour-blindness  to  the  Royal  Society,  states  that  he  considers  these 
phenomena  quite  consistent  with  the  theory  of  three  colour-sensations ; 
but  he  does  not  explain  how  he  reconciles  them  with  it,  except  by  refer- 
ring to  works  which  I  have  not  been  able  to  get  access  to. 
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This  explanation  is  ingenious;  bat  it  assumes  that  all  cases 
of  colour-blindness  to  red  and  green  are  from  birth,  whereas, 
though  this  is  usually  so,  there  are  several  alleged  cases  of 
acquired  colour-blindness  to  red  and  green.  Dr.  Joy  Jeflfries, 
pp.  50-52,  gives  two  cases,  one  discovered  by  Professor 
Tyndall,  the  other  by  Mr.  Haynes  Walton;  and  M.  Nuel  has 
also  described  one,  Annales  de  rOculiste,  80,  82,  as  quoted  by 
V.  Kries,  Gedchtaeinpfindungeriy  p.  154. 

Moreover  Professor  Cohn  {Deutsche  medicinische  Wochen- 
schri/t,  1880,  No.  16,  cited  by  von  Kries,  p.  158)  claims 
to  have  temporarily  restored  to  normal  colour-vision  a  person 
affected  with  red-green  colour-blindness  from  birth.  If  this 
be  so,  there  cannot  well  have  been  any  such  abnormal  deve- 
lopment of  his  other  colour-sensations  as  Professor  Donders 
supposes.  Such  a  development  could  hardly  have  been  sud- 
denly cured  by  artificial  means. 

Those  colour-blind  persons  who  cannot  distinguish  between 
red  and  green  have  been  divided  into  two  classes,  according  as 
they  can  perceive  rays  towards  the  end  of  the  spectrum  or 
are  unable  to  do  so.     According  to  many  adherents  of  the 
theory  of  three  colour-sensations,  those  who  can  perceive  rays 
at  the  red  end  want  the  green-colour  sense,  while  those  who 
cannot  do  so  want  the  red  sense.     It  seems  to  be  established 
that  rays  at  the  groen  part  of  the  spectrum  do  not  make  as 
much  impression  on  the  so-called  green-blind  as  on  the  so- 
called  red-blind;  and  Professor  Donders  has  lately  ascertained 
by  careful  measurements  with  two  cases,  one  of  so-called  red- 
blindness,  and  the  other  of  so-called   green-blindness,  that 
throughout  the  red  and  orange  parts  of  the  spectrum  the  red- 
blind  eye  perceives  less  light  than  the  green-blind  eye,  and  that 
the  opposite  is  the  case  in  the  green  portion  of  the  spectrum 
(Grafs  Archiv  fUr  Op/ithalmologie,  vol.  xxvii. ;  Transactions 
of  the  International  Medical  Congress  for  1881,  vol.  i.p.  277). 
But  there  seem  to  me  to  be  several  serious  objections  to  ex- 
plaining the  difference  between  so-called  green-blind  and  so- 
called  red-blind  by  the  hypothesis  of  three  colour-sensations: — 
(A)  If  there  are  only  three  colour-senses,  the  green  sense 
must  be  of  a  yellowish  green  capable  of  producing  yellow  and 
orange  when  combined  with  the  red  sense,  and  very  different 
from  the  bluish  green  which  is  complementary  to  red.    There- 
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fore  if  one  class  of  colour-blind  persons  have  lost  the  red  sense 
and  the  other  the  green  sense^  there  onght  to  be  considerable 
differences  in  all  the  coloar  equations  obtained  from  the  two 
classes  of  eyes,  and  especially  in  the  proportions  of  blue  and 
yellow  which  will  neutralize  each  other.  But  I  have  not  met 
with  any  trace  of  such  differences  having  attracted  attention, 
except  in  equations  between  red  and  green,  and  it  is  clear 
that  in  the  spectrum  the  neutral  point  where  the  blue  or  violet 
colour-sense  neutralizes  the  other  colour-sense  is  very  nearly 
the  same  for  red-blind  and  green-blind  persons.  Professor 
Bonders  fixes  it  for  his  red-blind  case  at  a  wave-length  of 
494*85  millionths  of  a  millimetre,  and  for  his  green-blind  case 
at  502*3  millionths,  the  difference  7*5  being  not  one  fiftieth  part 
of  the  difference  between  the  greatest  and  least  wave-lengths 
in  the  visible  spectrum;  while  Professor  Preyer,  in  another 
case,  found  that  doubling  the  amount  of  light  altered  the 
neutral  point  from  512*8to  506*6,  i.  ^.nearly  as  much(Pfluger's 
Archivy  vol.  XXV.). 

(B)  If  blindness  to  the  red  end  of  the  spectrum  were  due 
to  the  absence  of  the  red  sense,  it  would  be  the  same  in  extent 
in  different  red- blind  persons,  whereas  in  fact  it  differs  con- 
siderably.    (Donders,  GraPs  ArchiVy  vol.  ixvii.) 

(C)  The  extent  to  which  the  violet  end  of  the  spectrum 
is  obscured  to  violet-  or  blue-blind  eyes  also  varies  very  much. 
Professor  Stilling  {Klinische  Monatsbldtter  far  AugenheH" 
kuiidey  1875,  Beilage  2)  met  with  three  cases  in  which  the 
green  thallium-line  between  E  and  D  formed  the  boundary  of 
the  visible  spectrum;  while  in  another  case  {Centralblatt  far 
praktische  Augenheilkande^  1878,  p.  99)  the  same  observer 
found  that  nearly  the  whole  of  the  spectral  green  was  per- 
ceived, and  grey  or,  in  a  faint  spectrum,  red  beyond  it.  In 
the  case  of  one-eyed  violet-  or  blue-blindness  described  by 
Professor  Holmgren  (^  Proceedings  of  the  Boyal  Society,' 
vol.  xxxii.  p.  305)  "  the  spectrum  is  continued  over  the  place 
where  we  see  green,  greenish  blue,  cyan-blue,  and  indigo  to 
the  commencement  of  the  violet,  where  it  absolutely  ended 
with  a  sharp  limit  about  Fraunhofer's  line  G." 

(D)  As  is  well  known,  inability  to  distinguish  between  red 
and  green  has  in  many  cases  been  found  to  exist  among  dif- 
ferent members  of  the  same  family,  and  especially  among 
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brothers;  and  therefore  when  snch  colour-blindness  is  found 
to  exist  among  relations,  there  is  a  very  strong  probability 
that  they  have  inherited  the  same  affection  of  the  eyes.  There- 
fore if  red-blindness  and  green-blindness  be  distinct  things^ 
due  to  the  absence  of  different  colonr-senses,  we  should  expec- 
that  the  colour-blind  members  of  the  same  family  would  be 
either  all  red-blind  or  all  green-blind.  But  this  is  not  the 
case.  Among  the  colour-blind  cases  examined  by  Professor 
Stilling  (Klinische  Monatsbldtter  fUv  Augenlieilkunde^  1875 , 
Beilage  1  and  2)  there  were  two  pairs  of  brothers  both  unable 
to  distinguish  between  red  and  green;  and  in  each  case  one 
brother  was  able  to  perceive  light  at  the  red  end  of  the  spec- 
trum, while  the  other  was  not. 

All  these  reasons  lead  me  to  believe  that  the  difference 
between  so-called  red-blind  and  so-called  green-blind  is  not 
due  to  their  having  lost  different  colour-senses,  but  rather 
to  the  loss  of  one  pair  of  colour-senses,  those  for  red  and 
green  being,  in  the  case  of  the  so-called  red-blind,  accom- 
panied by  some  disturbance  of  the  other  pair  of  colour-senses 
— a  disturbance  varying  in  character  and  degree  in  different 
cases,  and  similar  to  what  is  found  to  exist  in  different  cases 
of  blue-  or  violet-blindness. 

The  shapes  of  the  curves  Professor  Donders  has  published 
(Trans.  International  Medical  Congress,  1881,  vol.  i.  p.  280)  to 
represent  the  respective  intensities  of  the  light  perceived  by  a 
red-blind  and  a  green-blind  eye  have  suggested  to  me  a  pos- 
sible explanation  of  the  difference  between  these  two  eyes. 
The  curves  representing  the  less-refrangible  sensation  of  each 
eye  correspond  very  nearly  in  shape  and  dimensions;  but  that 
for  the  red-blind  eye  is  shifted  some  way  further  from  the  red 
end  of  the  spectrum.  On  the  other  hand,  the  carves  repre- 
senting the  more-refrangible  sensation  of  the  two  eyes  are 
almost  identical  in  position  as  well  as  in  shape  and  size.  This 
effect  would  be  produced  if  the  organization  producing  the 
less-refrangible  (or  yellow)  colour-sensation  in  the  green-blind 
eye  were  so  modified  in  the  red-blind  eye  as  to  make  shorter 
waves  produce  the  same  effects  which  longer  waves  pro- 
duced in  a  green-blind  eye.  The  change  supposed  would  be 
equivalent  to  shifting  the  tone  of  a  musical  instrument  an 
octave  higher. 
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But  I  do  not  suppose  that  all  cases  of  shortened  spectrum 
could  be  thus  accounted  for. 

In  order  to  show  more  in  detail  what  my  views  of  colour- 
sensation  are,  I  have  prepared  a  diagram  representing  roughly 
how  the  two  pairs  of  colour-senses  are  affected  by  the  dif- 
ferent rays  of  the  spectrum.  The  upper  half  of  the  dia- 
gram represents  the  effects  produced  by  the  different  rays 
on  the  yellow  and  blue  colour-senses,  and  the  lower  part 
those  they  produce  on  the  red  and  green  colour-senses. 
The  portion  with  crossed  vertical  and  horizontal  lines  repre- 
sents the  extent  to  which  the  same  rays  operate  on  both 
the  yellow  and  the  blue  colour-senses,  and  thus  produce 
white  lights  which  (combining  with  the  colour  produced  by 
the  colour-sense  which  is  most  affected)  produces  a  whitish 
yellow  or  a  whitish  blue.  Similarly  the  portion  crossed  by 
dicigonal  lines  in  the  lower  half  of  the  diagram  represents  the 
extent  to  which  the  same  rays  operate  on  both  the  red  and  the 
green  colour-senses. 
*  I  have  represented  the  complementary  colour-sensations 
as  thus  overlapping  *,  because  Professors  Preyer  and  Hippel 
have  found  that,  for  red-green  blind  eyes,  the  neutral  point 
in  the  spectrum  which  appears  white  or  grey  varies  in  posi- 
tion according  to  the  intensity  of  the  light  (Pfliiger's  Archiv, 
vol.  XXV. ;  Grafs  Archiv  far  Ophihalniologie^  vol.  xxvii. 
pt.  3).  Professor  Preyer  found  that  enlarging  the  aperture 
through  which  the  light  was  admitted  from  '250  millim.  to 
•370  millim.  shifted  the  neutral  point,  where  the  spectrum 
appeared  grey,  from  where  the  wave-length  was  512*8 
millionths  of  a  millimetre  to  where  it  was  506*6  millionths. 
This  is  readily  intelligible,  if  the  rays  in  this  part  of  the  spec- 
trum affect  both  the  yellow  and  the  blue  colour-senses,  while 
the  intensity  of  ihe  light  alters  the  proportions  in  which  they 
are  respectively  affected  by  it. 

It  will  be  observed  that  a  narrow  strip  of  yellow  extends 

*  The  extent  to  which  the  colour-sensations  are  represented  as  over- 
lapping rests  on  conjecture.  Observations  on  colour-blind  persons,  t.  e. 
persons  with  only  two  colour-sensations,  give  readily  the  neutral  points 
where  the  sensations  counterbalance  each  other  and  produce  white ;  but 
the  extent  to  which  they  overlap  could  only  be  inferred  from  ohsening 
when  the  colours  cease  to  have  auv  admixture  of  white. 
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nearly  to  the  red  end  of  the  spectrum.  Professor  Holmgren 
Q  Proceedings  of  the  Royal  Society  ')  states  that  the  red  seen 
by  the  violet-blind  eye,  in  his  case  of  one-sided  violet-blindness, 
is  not  quite  identical  with  the  common  spectral  red  of  the 
normal  eye,  but  rather  a  clearer  red  having  a  shade  of  carmine, 
about  the  same  as  the  red  towards  the  end  of  the  subjective 
spectrum  of  the  normal-eyed.  This  colour  would  obviously 
require  a  slight  admixture  of  yellow  to  reduce  it  to  the  common 
spectral  red  of  the  normal-eyed.  Moreover  the  extension  of 
the  yellow  nearly  to  the  red  end  of  the  spectrum  explains  how 
it  is  that  a  great  many  persons  who  are  red-green  colour-blind 
can  see  almost  to  the  red  end  of  the  spectrum. 

The  strip  of  red  at  the  violet  end  of  the  spectrum  also  re- 
quires explanation.  The  colours  seen  by  the  red-green  blind 
eye  in  the  case  of  one-sided  red -green  blindness  are  not  yellow 
and  violet,  but  yellow  and  indigo  with  only  a  faint  shade  of 
violet  in  it.  Indeed,  while  Professor  Holmgren  speaks  to  the 
faint  shade  of  violet  (^  Proceedings  of  the  Royal  Society '),  Pro- 
fessor Hippel,  who  discovered  this  case  and  had  more  oppor- 
tunities of  examining  it,  states  that  the  blue  lines  of  indium 
and  caesium  (which  are  indigo,  not  violet)  appeared  the 
same  to  both  eyes  (Grafs  Archiv,  vol.  xxvii.).  Therefore 
some  addition  is  necessary  to  produce'  the  deeper  violet  tints 
of  the  spectrum;  and  this  can  only  be  obtained  by  supposing 
that  the  violet  rays  affect  the  red  colour-sense  as  well  as  the 
blue  one. 

This  hypothesis,  that  violet  results  from  combining  the  blue 
and  red  colour-sensations,  is  part  of  Professor  Preyer's  theory 
(see  Sect.  38  of  his  paper  in  Pfliiger's  Archiv)^  and  seems  to 
me  to  be  supported  by  several  other  facts. 

(1)  As  I  have  already  mentioned,  when  an  object  is  viewed 
more  and  more  indirectly,  so  that  its  image  moves  from  the 
yellow  spot  towards  the  circumference  of  the  retina,  sensi- 
bility to  yellow  and  blue  lasts  longer  than  the  sensibility  to 
red  and  green.  On  the  other  hand,  if  the  angular  magnitude 
of  a  coloured  object  be  diminished,  sensibility  to  red  and  green 
lasts  longer  than  sensibility  to  blue  and  yellow.  In  each  case 
violet  behaves  like  a  compound  of  blue  and  red.  As  the 
image  moves  towards  the  circumference  of  the  retina,  the 
violet  object  passes  through   blue  into  white,  the  red  fading 
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first;  while^  as  the  angalar  magnitude  of  a  violet  object  is 
diminished^  it  becomes  reddish  (v.  KrieSfGesichtaemp/indungeny 
p.  93). 

(2)  Again,  Nuel  (Annates  de  VOculiste,  80,  82,  cited  by 
V.  Kries,  p.  154)  describes  how  in  a  certain  case  of  acquired 
colour-blindness  "violet  appears  blue,  red  and  green  white.'' 
Similarly  Schon  states  that  in  cases  of  atrophy  of  the  optic 
nerve,  when  green,  red,  and  yellow  are  no  longer  recognized, 
blue  alone  is  correctly  designated,  and  violet  is  distinguished 
as  dark  hlue  {Lehre  vom  Gesicktsfddej  p.  23,  cited  by  von  Kries, 
p.  155). 

(3)  I  have  already  mentioned  a  case  of  yellow-blue  blind- 
ness described  by  Stilling,  in  which  blue  and  violet  were,  in 
a  faint  spectrum,  designated  as  red,  though  in  a  brighter 
spectrum  they  seem  to  have  appeared  grey. 

All  these  facts  seem  to  me  to  point  to  violet  being  the 
result  of  affecting  at  once  the  blue  and  red  colour-senses. 

I  am  moreover  disposed  to  think  that,  in  addition  to  the  two 
pairs  of  complementary  colour-senses,  there  is  a  fifth  colour- 
sense  for  white. 

Inasmuch  as 

R+G=Y  +  B= White, 
we  have  the  two  linear  equations  between  five  colour-sensa- 
tions which  are  required  to  satisfy  the  laws  which  Maxwell 
and  Helmholtz  established.    Therefore  the  hypothesis  of  a  fifth, 
white,  colour-sense  is  admissible. 

That  the  eye  does  perceive  white  separately  from  any  other 
colour  is  rendered  at  least  probable  by  considering  some  par- 
ticular cases  in  which  this  seems  to  occur. 

(1)  When  an  object  is  viewed  indirectly,  so  that  the  image 
falls  upon  a  part  of  the  retina  at  a  sufficient  distance  from  the 
yellow  spot,  it  will  appear  white  or  grey,  whatever  its  actual 
colour  may  be  (von  Kries,  pp.  91-95). 

(2)  If  the  angular  dimensions  of  a  coloured  object  be  dimi- 
nished, it  will  ultimately  appear  white  or  grey  (von  Kries, 
pp.  87,  94). 

The  more  probable  explanation  in  both  these  cases  seems  to 
be  that  the  other  colour-senses  are  no  longer  affected  by  the 
object,  and  only  the  white  colour-sense  remains  affected 
by  it. 
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(3)  Every  coloar  when  intensely  lighted  up  appears  white 
(von  Kries,  p.  81).  A  not  improbable  explanation  of  this 
seems  to  bo  that  the  other  coIour-6ens?s  are  only  capable  of 
being  affected  by  light  to  a  limited  extent  as  compared  with  the 
white  colour-sense. 

(4)  In  cases  of  atrophy  of  the  optic  nerve  the  perceptions  of 
different  colours  are  gradually  lost,  until  at  length  every  colour 
appears  grey  (von  Kries,  p  154). 

(5)  There  are  also  cases  of  total  colour-blindness  from  birth, 
when  every  thing  appears  of  the  same  colour  with  only  dif- 
ferent degrees  of  light  and  darkness.  When  this  affects  both 
eyes  completely,  it  is  of  course  impossible  to  predicate  with 
absolute  certainty  what  colour  is  perceived.  But  Becker 
(Grafs  Archiv,  vol.  xxv.)  describes  a  case  where  only  one 
eye  was  so  affected,  the  other  having  normal  vision;  and 
I  have  seen  another  case  described  in  which  one  half  of  each  eye 
was  completely  colour-blind,  the  other  half  being  normal.  In 
each  of  these  cases  the  colour-blind  vision  was  of  white.  This 
white  vision  must  have  been  arrived  at  either  through  the 
other  colour-senses  having  been  lost,  leaving  a  white  colour- 
sense  behind,  or  through  their  having  been  modified  into 
white. 


XXV  I.  On  winding  Electromagnets.    By  Professors  W.  E. 
Atbton,  F.R.S.y  and  John  Pbrry,  M.E.* 
[Plates  X.  &  XL] 
Tus  following  experiments  were  made  to  determine  whioh 
mode  of  winding  a  given  length  of  wire  on  an  iron  bar  gave 
the  strongest  electromagnet  for  the  same  current.      Four 
bars  of  iron,  each  12  inches  long,  were  cut  fix>m  the  same 
rod  I  inch  thick;  and  an  exactly  equal  length  of  wire  was 
wound  on  the  four  bars  respectiyely,  in  the  following  way : — 

1.  Wire  wound  equally  over  the  whole  length    (PL  X. 

fig.  1). 

2.  Wire  coned  towards  each  end  (fig.  2). 

3.  Wire  wound  equally  oyer  half  the  iron  bar,  leaving  the 
other  end  hare  (fig.  3). 

•  Read  DcoemW  0, 18e^. 
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4.  Wire  wound  on  one  half  but  coned  towards  the  end  (fig.  4). 

Electromagnet  No.  1  was  put  so  that  its  axis  was  at  right 
angles  to  the  axis  of  a  small  magnetic  needle  and  passed  through 
the  point  of  suspension  of  the  needle,  which  was  suspended  so  as 
to  move  freely  in  a  horizontal  plane,  and  far  enough  away  that 
the  magnetic  field  due  to  the  electromagnet  No.  1,  when  magne- 
tized by  passing  a  current  through  it,  was  nearly  constant 
over  that  portion  of  the  field  in  which  the  little  suspended 
needle  moved  when  deflected.  A  constant  current  was  now 
passed  through  the  coil  on  No.  1,  and  the  deflection  of  the 
little  needle  observed  when  No.  1  was  placed  at  diflerent  dis- 
tances from  the  centre  of  the  test-needle,  the  axis  of  No.  1, 
however,  always  remaining  in  the  same  line.  Under  these 
circumstances  it  is  well  known  that  the  strength  of  the  field 
produced  by  No.  1  at  the  centre  of  the  test-needle  is  approxi- 
mately proportional  to  the  tangent  of  its  deflection.  Experi- 
ments were  now  made  in  a  similar  way  with  electromagnet 
No.  2,  and  with  each  end  of  No.  3  and  of  No.  4,  the  same 
current  as  was  employed  with  electromagnet  No.  1  being  used 
in  all  cases,  and  which  was  much  below  the  saturating  current. 

The  results  obtained  are  given  in  the  accompanying  table, 
and  are  shown  plotted  in  the  accompanying  curves  (fig.  5), 
vertical  distances  representing  the  distance  between  the  near 
end  of  the  electromagnet  and  the  centre  of  the  test-needle, 
and  horizontal  distances  the  tangents  of  the  deflection  of  the 
test-needle  :  A  A  A  A  is  that  for  No.  1 ;  B  B  B  B  for  No.  2; 
C  C  C  C  for  the  covered  end  of  No.  3  ;  D  D  D  D  for  the 
uncovered  end  of  No.  3  ;  E  E  E  E  for  the  covered  end  of 
No.  4  ;  and  F  F  F  F  for  the  uncovered  end  of  No.  4. 
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test-needle. 
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71 
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47 
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63 

46 

39 

32 
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13 
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1-33 
1-04 
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0-62 
0-52 
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0-23 
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62 

43 

36 

29 

22 

17 
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1-28 
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0-31 
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9 
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To  ascertain  the  distribution  of  the  lines  of  force,  iron 
filings  were  sprinkled  on  paraffined  paper,  and  the  positions 
the  filings  took  up  fixed  by  the  paraffin  being  softened  by  a 
heated  piece  of  copper  being  passed  over  the  paper  at  a  short 
distance  above  it.  These  fields  of  force  are  shown  in  the 
diagrams  6,  7, 8,  and  9  (PL  XL).  From  the  curves  in  fig. 5  and 
from  the  iron-filing  curves  it  is  seen  that  the  efiect  of  coning 
the  wire  is  to  produce  a  strong  field  very  near  the  pole,  but 
that  the  force  falls  off  very  rapidly  as  the  distance  from  the 
pole  increases.  With  No.  2  magnet,  for  instance,  the  field 
between  the  poles  is  so  weak  that  scarcely  any  definite  arrange- 
ment of  filings  is  traceable  in  the  diagram  7  corresponding 
with  it. 

From  the  curves  in  fig.  5  it  is  seen  that,  at  considerable 
distances  from  the  end  of  the  electromagnet,  the  uniformly 
coiled  magnet  No.  1  produces  the  most  powerful  field,  while 
for  points  nearer  the  magnet,  but  still  at  a  distance  of  about 
3  inches  from  it,  the  covered  end  of  No.  3  magnet,  corre- 
sponding with  the  curve  COO,  produces  the  strongest  field, 
the  next  strongest  being  produced  by  the  magnet  No.  2  with 
the  wire  coned  towards  each  end,  since  obviously  the  curve 
B  B  B  cuts  the  curve  AAA  at  a  point  corresponding  with 
a  distance  of  about  3  inches  from  the  end  of  the  magnet.  For 
distances  very  close  to  the  magnet,  this  method  of  experiment- 
ing cannot,  of  course,  be  employed  to  measure  the  resultant 
force  accurately;  and  hence  observations  by  this  method  at 
distances  of  less  than  3^  inches  from  the  end  of  the  magnet 
to  the  centre  of  the  oscillating  needle  were  not  made,  and 
conclusions  as  to  the  resultant  magnetic  force  very  close  to 
the  poles   must,  of  course,  not  be  drawn  from  the  curves  in 

fig.  4. 

Betuming  to  the  curves  taken  up  by  the  iron  filings,  we 
see  that  No.  1  magnet  gives  an  arrangement  similar  to  that 
of  an  ordinary  regularly  magnetized  bar-magnet.  With  No. 
2  the  lines  around  the  poles  are  similar  to  those  of  No.  I,  but 
the  field  between  the  poles  is  very  weak.  Magnets  Nos.  3 
and  4  give  very  similar  figures,  showing  a  very  peculiar 
distribution  of  force.  There  is  a  great  concentration  of  the 
lines  at  the  pole  corresponding  to  the  half  of  the  iron  which 
is  covered  with  wire  ;  but  the  unwound  end  seems  to  form  a 
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long  weak  pole^  with  its  maximum  force  near  ibe  centre  of  the 
bar,  u  e.  at  the  inner  end  of  the  coil, — the  differences  between 
these  two  being,  that  with  No.  4  magnet  there  is,  compara- 
tively, a  greater  concentration  of  force  at  the  wound  pole,  and 
that  the  opposite  pole  is  longer  and  extends  a  little  way  into 
the  coil — the  result  of  the  coning  of  the  wire.  In  these  two 
cases  the  unwound  end  of  the  iron  seems  to  act  like  an  arma- 
ture. 

To  ascertain  the  force  which  each  magnet  would  exert 
on  an  armature,  experiments  were  made  and  the  following 
results  obtained,  the  current  flowing  through  the  coil  in  each 
case  being  exactly  the  same,  as  well  as  the  armature  em- 
ployed : — 

Maimet  Weight  Required  to  detach  the  armature 

•o™  •  from  the  covered  end  of  the  magnet 

No.  1  45  ounces. 

2  57       „ 

3  57       „ 

4  77       „ 

These  results  confirm  those  previously  obtained,  that  the 
field  produced  by  the  covered  ends  of  the  electromagnets 
numbers  2  or  3  at  distances  near  the  pole  is  much  stronger 
than  that  produced  by  No.  1.  But  they  show  something  else, 
viz.  that  for  very  small  distances  it  is  the  covered  end  of 
No.  4  that  produces  the  strongest  field.  In  other  words, 
returning  to  fig.  5,  the  curve  EEy  although  much  below  the 
curves  AA^  BB,  and  C  C,  must  rise  rapidly  and  cut  the  others, 
just  as  the  curve  C  C  cuts  the  curve  ^  j!^,  at  a  point  corre- 
sponding with  a  distance  of  about  4'2  inches  from  the  end  of 
the  magnet,  and  just  as,  again,  the  curve  BB  cuts  ^^  at  a 
point  corresponding  with  a  distance  of  about  3*2  inches  from 
the  6nd  of  the  magnet.  The  curves  of  iron-filings  (fig.  9) 
indeed  give  indication  of  the  great  strength  and  concentration 
of  field  there  is  produced  close  to  the  iron  by  the  wire  coned 
at  the  end,  as  employed  in  the  magnet  No.  4. 

With,  then,  a  definite  iron  core,  a  definite  length  of  wire  to 
be  coiled  on  it,  and  to  be  traversed  with  a  definite  current,  the 
mode  of  coiling  to  produce  the  largest  field  depends  entirely 
on  the  distance  from  the  end  of  the  electromagnet  at  which 
the  field  is  to  be  produced.     With  the  particular  magnet  we 
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have  employed  we  see  that^  at  distances  from  the  end  of  the 
magnet  very  small  compared  with  the  length  of  the  core,  the 
wire  shonld  all  be  coiled  np  at  the  near  end  of  the  core,  as  in 
fig.  4  ;  to  create  a  field  at  a  distance  from  the  end  of  the  mag- 
net equal  to  about  a  third  of  the  length  of  the  magnet,  it  is 
better  to  coil  the  wire  uniformly  over  one  half  of  the  core,  as 
in  fig.  2,  than  to  cone  it  up  at  the  near  end  as  in  4  ;  while 
for  distances  from  the  end  of  the  magnet  equal  to,  or  greater 
than,  about  |-  of  the  length  of  the  core,  the  uniform  mode  of 
winding  is  the  best. 

We  have  to  thank  two  of  our  students,  Messrs.  Sayers  and 
Pink,  for  most  cordial  assistance  rendered  us  in  this  investi- 
gation. 

XXVII.  Experiments  an  the  Viscosity  of  a  Solution  of  Sapo- 
nine.  By  W.  H.  Stables  and  A.  E.  Wilson,  Yorkshire 
College^  Leeds  *. 

M.  Plateau  has  shown  {Statique  des  lAquides^  t.  2,  ch.  vii.) 
that  a  body  placed  in  a  liquid  and  wetted  on  one  side  only, 
experiences  in  many  cases  a  greater  resistance  to  its  motion 
than  if  it  were  completely  immersed.  Some  controversy  has 
arisen  between  Marangoni  and  himself  as  to  the  cause  of  this 
phenomenon,  which  M.  Plateau  explains  by  the  assumption 
that  the  liquids  in  question  possess  a  surface  viscosity  greater 
than  that  of  the  interior.  The  liquid  in  which  the  surface 
resistance  is  in  most  striking  contrast  to  that  of  the  interior 
is  a  solution  of  saponine  in  water. 

Oberbeck  (Wiedemann's  Anruden^  Bd.  11,  S.  634)  has 
repeated  and  extended  Plateau's  experiments,  using  an  oscil- 
lating disk  instead  of  a  magnetic  needle.  He  made  no 
observations  upon  saponine  solution.  The  object,  therefore, 
of  the  followmg  investigation  is  to  study  the  movements  of 
a  disk  when  oscillating  in  or  near  the  surface  of  a  solution  of 
this  substance. 

Oberbeck  found  that  the  resistance  of  a  water-surface 
increased  largely  with  exposure  to  the  air ;  but  he  also  proved 
that  even  with  fresh  distilled  water  the  resistance  is  con- 
siderable.    As  he  points  out,  we  are  therefore  led  to  one  of 

*  Read  April  14,  1883. 
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two  conclnsions — namely^  that  either  water  has  a  sariace 
viscosity  different  from  that  of  the  interior^  or  else  that  a 
pare  water  surface  cannot  be  obtained. 

The  apparatus  used  in  our  experiments  was  similar  to  that 
employed  by  Grotrian  (Pogg.  Ann.  Bd.  157,  S.  237). 

It  is  fully  described  by  him  ;  and  it  is  there- 
fore unnecessary  to  figure  here  the  connexions        F*»-  !• 
of  the  different  parts.     The  diagrammatic  re- 
presentation in  fig.  I.  may,  however,  conduce 
to  clearness. 

It  consists  of  a  circular  disk  A  of  nickel- 
plated  brass  76*25  millim.  in  diameter  and  2 
millim.  thick.  In  the  centre  is  screwed  a 
brass  rod,  to  which  a  concave  mirror  B  and  a  |     c 

small  iron  bar  G  (used  to  set  the  apparatus  v  b 

in  motion  by  means  of  a  magnet)  are  attached- 
A  wire  (119*8  centim.  long),  employed  to  put 
the  apparatus  in  motion  by  torsion,  is  firmly 
gripped  between  two  small  plates  at  D. 

The  brass  rod  by  which  the  plate  was  suspended  could  be 
unscrewed  and  replaced  by  others  of  different  sizes. 

The  plate  was  suspended  in  the  centre  of  a  circular  glass 
dish  15*5  centim.  in  diameter  and  8  centim.  deep.  This  was 
fitted  with  a  wooden  cover,  through  which  a  thermometer  was 
introduced.  The  whole  was  surrounded  by  a  case  having  glass 
sides,  which  served  to  ward  off  air-currents.  The  time  of  the 
oscillations  was  measured  by  a  stop-watch  indicating  quarter- 
seconds. 

Three  rods  were  used  in  turn  to  suspend  the  plate.     They 
were  of  the  same  length,  but  of  different  radii. 
The  radius  of  (1)  was  *1337  centim. 

(2)  „    -2360      „ 

(3)  „    -3362      „ 

The  scale  on  which  the  beam  of  light  was  reflected  was 
about  2*5  metres  from  the  mirror ;  the  maximum  half-amplitude 
was  about  200  millim. ;  so  that  the  half-oscillation  was 
about  2®*3. 

The  moment  of  inertia  of  the  apparatus  was  determined  by 
means  of  a  brass  ring  of  the  same  external  diameter  as  the 
plate,  and  was  found  to  be  753*09  (C.G.S.). 
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The  plate  was  first  carefully  levelled,  and  distilled  water 
poured  into  the  vessel  to  within  a  few  millimetres  of  the  bot- 
tom of  the  plate.  Water  was  then  added  with  a  pipette  antil 
the  bottom  of  the  plate  and  the  surface  of  the  water  touched. 
By  a  simple  calculation  the  difference  in  height  caused  by 
the  addition  of  a  measured  quantity  of  water  was  determined. 
An  addition  of  2  cubic  centim.  of  water  was  found  to  cause  a 
rise  of  '1  millim.  in  the  level. 

The  elevation  was  of  course  increased  when  the  disk  was  in 
the  surface ;  but  the  change  is  allowed  for  in  the  calculations. 
The  temperatures  of  the  air  and  of  the  water  were  carefully 
noted  at  the  commencement  of  each  observation,  and  were 
found  to  remain  nearly  constant.  To  attain  this  end  the 
experiments  were  conducted  in  a  cellar,  and  special  pre- 
cautions were  taken  to  prevent  any  marked  variations  in 
temperature.  The  variations  therefore  did  not  exceed  1°  C; 
and  the  small  corrections  thus  rendered  necessary  were  made 
by  means  of  the  table  of  the  values  of  the  coefficient  of 
viscosity  of  water  at  different  temperatures  given  by  Grrotrian 
(Pogg.  Ann.  Bd.  157,  S.  242).  All  the  observations  were 
thus  reduced  to  16°  as  a  standard  temperature.  The  time  of 
oscillation  was  ascertained  by  observing  the  time  of  10  swings. 
This  operation  was  repeated  a  number  of  times  and  the  mean 
taken.  The  logarithmic  decrement  was  calculated  from  the 
readings  obtained  from  the  graduated  scale. 

The  plate  was  suspended  by  each  of  the  three  rods  in  turn 
immersed  to  a  depth  exceeding  1  centim.,  and  the  logarithmic 
decrement  and  mean  time  of  oscillation  determined  for  each. 
The  following  table  shows  the  results  obtained  with  the 
saponine  solution  and  with  water: — 

Table  I. 


Water. 

Saponine. 

Kod. 

Time  of 
OBcillation. 

Log.  dec. 

Time  of 
oecillation. 

Log.  dec 

1 

sec. 
619 

6-20 

5-22 

•0477 
■0479 
•0483 

860. 

5-24 
6-26 
6-26 

•0785 
•1424 
•2045 

2 

3 
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The  great  difference  between  the  surface-properties  of 
saponine  and  those  of  water  is  here  made  very  evident.  The 
alterations  in  the  dimensions  of  the  rod  which  produced  a 
slight  effect  only  in  the  case  of  water  increased  the  logarithmic 
decrement  in  the  case  of  saponine  two  and  a  half  times^  a  result 
which  could  only  have  been  due  to  the  increase  of  the  section 
in  contact  with  the  surface. 

If  we  assume  that  the  disk  oscillated  under  the  influence 
of  two  forces,  one  of  which  (that  of  torsion)  is  proportional  to 
the  angular  displacement  from  the  position  of  rest,  while  the 
other,  due  to  the  viscosity  of  the  liquid,  is  proportional  to  the 
velocity,  the  latter  is  measured  by  MX/T,  where  M  is  the 
moment  of  inertia,  \  the  logarithmic  decrement,  and  T  the 
time  of  an  oscillation.  If,  as  in  the  case  of  a  saponine 
solution,  the  surface  resistance  be  so  great  that  the  friction 
between  the  surface  layer  and  the  interior  may  be  neglected 
with  regard  to  it,  M\/T  would  be  approximately  of  the  form 
a  +  6r*,  where  r  is  the  radius  of  the  rod  and  a  and  b  are  con- 
stants. 

The  values  of  these,  determined  from  the  above  equations  by 
the  method  of  least  squares,  are  0=^8*42,  6= 191*6. 

Using  these  coefficients  to  calculate  the  value  of  M\/T 
from  the  observations  on  the  saponine  solution,  we  obtain  the 
following  results : — 

Table  II. 


r. 

MX/T. 

0 
•1337 
•2360 
•3362 

Obeerred. 

Oalculated. 

11-27 
20-37 
29-36 

8-42 
11-86 

3007 

The  numbers  are  perhaps  in  as  good  agreement  as  could  be 
expected^  if  we  remember  that  the  theory  on  which  they  are 
calculated  is  only  approximate.  If  in  the  case  of  water  we 
neglect  b,  the  value  of  a  is  6*92. 

After  the  above  preliminary  observations  a  careful  series  of 
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experiments  was  made  in  which  the  plate  was  gradually  im- 
mersed to  a  greater  depth  in  water. 

The  following  are  the  results  obtained : — 


Fosltioxi  of  plate. 

Time  of  oscillation. 

Log.  decrement. 

Upper  edffD  of  plate  -7  mm.  \ 
aiow  level  of  water J 

•66  millim.  above  

*28       t,        „        

■14       „        „        

Top  of  plate  level  with  sur- 1 
face  of  water  

eeo. 
6-06 

610 
6*10 
611 

610 

6-12 
611 
613 
6-17 
618 
6-20 
6-20 
6-20 
6-20 

■0268 

•0269 
•0260 
•0262 

•0266 

0272 
•0272 
•0286 
•0298 
•0329 
•0866 
•0416 
•0479 
•0488 

•1  below  

•2     

•3     „      

•4     

•5     , 

•7     „      

•     »»      • ••• 

•9     

1-3     

1-7     

In  the  above  results,  the  level  of  the  liquid  is  corrected  for 
the  displacement  of  the  liquid  by  the  plate. 

Similar  experiments  were  next  made  on  the  saponine  solu- 
tion ;  but  it  was  at  once  seen  that  the  apparatus  used  in  the 
previous  experiment  with  the  water  was  quite  unsuitable  on 
account  of  the  great  resistance  offered  by  the  surface.  Cer- 
tain modifications  were  therefore  introduced.  In  this  second 
form  (fig.  II.)  a  steel  piano- 


wire  was  used,  the  length  of 
which  was  98*35  centim.  and 
the  diameter  1*025  millim. 
Suspended  by  this  wire  was 
a  stout  brass  rod,  E^  termi- 
nating in  a  disky  F,  upon  which 
rested  a  similar  movable  disk^ 
G ;  and  between  the  two  disks 
could  be  fitted  a  brass  plate^  H, 
carrying  heavy  brass  rings,  I. 
To  the  bottom  of  the  lower 
disk  an  (unmagnetized)  steel 
bar  E  was  attached,  by  means 
of  which  the  apparatus  was  set 
in  oscillation  by  the  use  of  a 


Fig.n. 
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magnet.  The  apparatus  used  in  the  water  experiment  was 
attached  to  the  centre  of  this  bar  by  a  strip  of  metal  attached 
to  D  (fig.  I.)  and  soldered  to  the  bar.  Great  care  was  taken 
to  render  the  junction  perfectly  firm,  so  that  no  torsion  conid 
possibly  take  place  at  this  point.  The  moment  of  inertia  was 
determined  as  before;  and  foand  to  be  186653  (C.G.S.). 

The  first  fact  which  was  evident  from  the  experiments  was 
that;  alihoagh  the  apparatus  when  suspended  in  water  oscil- 
lated isochronously;  it  did  not  do  so  when  suspended  in  the 
saponine  solution.  The  following  table  gives  the  results  of  a 
number  of  experiments  on  the  time  of  two  long  and  two  short 
swings  respectively  in  that  solution: — 

Large  amplitude.  Small  amplitude. 

10-90  sec.  1028  sec. 

10-70    „  10-28  „ 

10-75    „  10-35  ., 


10-52 


10-35  „ 


With  a  thicker  rod: — 

10-42  sec.  9-85  sec. 

10-52    „  9-73   „ 

10-33    „  9-90   „ 

Similar  experiments  in  the  case  of  water  gave  for  two  long 
oscillations,  10-25;  for  two  short,  10*30;  for  three  long  oscil- 
lations, 15-5  and  15*75 ;  and  for  three  short,  15-6  and  15-75 
seconds. 

The  amplitudes  denoted  long  and  short  are  not  all  of  equal 
size;  and  as  those  called  ^^  large  "  are  much  larger  than  those 
actually  used  in  the  experiments,  the  correction  which  might 
otherwise  have  been  necessary  has  been  neglected. 

The  following  are  the  results  of  the  experiments  on  saponine 
solution: — 


Position  of  plate.    Upper 
surface 

Timeofoecillatioii. 

Log.  decrement. 

*14  millim.  aboye  liquid... 
leyel 

9-51  sea 
9-50    „ 
9-56   „ 
9W   „ 
9-63   ., 
9-58    „ 
9-65   „ 
0-62    „ 
9-63   „ 
9-62    „ 
9-59    „ 

•1960 
•2620 
0067 
•0046 
■0039 
•0034 
•0030 
•0026 
•0022 
•0020 
•0019 

•2            „            

•3            „            

•4            „            

•6            „            

lO            ..            

1-4            „            

2-4            „            

3S5          „            
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These  results  are  shown  on  the  aocompanjing  cnrve  (p.  241). 

With  regard  to  the  first  two  observations^  in  wliioh  the  plate 
was  oscillating  in  the  surface  of  the  liquid,  only  two  complete 
oscillations  were  obtainable  for  each  determination;  and  as 
the  logarithmic  decrement  was  found  to  diminish  considerably 
as  the  amplitude  increased,  a  number  of  obseryations  at  dif- 
ferent amplitudes  were  taken.  These  were  plotted  down  in 
the  form  of  a  curve,  showing  the  amplitudes  and  logarithmic 
decrement;  and  from  these  curves  the  logarithmic  decrement 
for  an  arbitrary  standard  initial  amplitude  of  500  divisions 
was  taken.  The  slope  of  these  curves  was  so  considerable  that 
our  observations  can  only  be  considered  as  giving  an  inferior 
limit  to  the  resistance  of  the  surface  of  the  saponine  solution. 
When  the  plate  was  once  immersed  below  the  surface,  it  was 
found  that  twenty  or  more  oscillations  were  readily  obtained, 
and  that  the  magnitude  of  the  original  amplitude  had  little 
or  no  efiect.  The  variations  of  temperature  were  small  (the 
difference  being  only  0^*7  C);  and  as  their  effect  on  the  surface- 
viscosity  is  unknown,  no  correction  was  made  for  them.  The 
error  thus  introduced  would,  however,  as  the  regularity  of  the 
curve  shows,  be  small. 

These  observations,  then,  enable  us  to  compare  the  resistance 
ofiered  to  a  disk  when  oscilating  in,  or  just  below,  the  surface 
of  a  saponine  solution  and  of  water. 

Thus  we  get  for  the  surface  of  saponine, 

MX  _  186653  X '252  _,^^, 
"T"""  9^5  -*^^AJ 

and  for  the  surface  of  water, 

MX     753x0266     ^^^^ 
"T~  =  — M — =^'^27. 

At  '1  millira.  below  the  surface  these  numbers  change  to  131 

and  4  respectively.     At  the  surface,  therefore,  the  ratio  of  the 

resistances  is  1261 ;  and  at  '1  millim.  below  it  is  33;  while  in 

8*42 
the  interior  it  is,  as  has  been  shown,  ^rgq,  or  1*2.     Although, 

therefore,  these  numbers  can  only  be  taken  as  approximations 
to  the  truths  we  think  that  they  enable  us  to  make  an  esti- 
mate of  the  magnitude  of  the  resistance  offered  to  a  body 
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oscillating  in  the  snrface  of  saponine  solation,  for  which  no 
previous  experiments  afforded  the  required  data. 

Thev  show  that  whereas  the  resistance  offered  to  an  oscilla- 
ting disk,  2  millim,  thick,  in  the  sarfisice  of  water  is  only 
about  half  what  it  is  in  the  interior,  at  the  snrface  of  a  2-per- 
cent, saponine  solution  it  is  at  least  600  times  greater  than  in 
the  interior,  but  that  this  ratio  is  reduced  to  16  by  immersing 
the  upper  surface  of  the  disk  to  a  depth  of  0*1  millim. 

Special  experiments  proved  that  the  logarithmic  decrement 
in  air  was  so  small  that  the  resistance  of  the  air  might  safely 
be  neglected  when  the  comparisons  of  the  various  resistances 
were  made  as  above  described. 

Explanation  of  the  Curves^ 

Fig.  III.  is  the  curve  given  by  the  logarithmic  decrements 
obtained  from  the  experiments  on  water.  The  abscissae  are 
expressed  in  terms  of  hundredths  of  a  millimetre;  they  repre- 
sent the  distance  of  the  upper  edge  of  the  plate  from  the  sur- 
face, and  are  negative  when  it  is  above  it.  The  ordinates 
represent  the  logarithmic  decrement  in  terms  of  '0001,  the 
lowest  horizontal  line  corresponding  to  the  value  of  *0250. 

The  gradual  increase  in  the  value  of  the  logarithmic  decre- 
ment as  the  plate  is  more  deeply  immersed  is  clearly  shown. ' 

Fig.  lY.  refers  to  the  observations  made  on  the  saponine 
solution.  In  this  case  the  values  of  the  ordinates  are  to  be 
taken  from  the  small  figures.  The  positions  correi^ponding 
to  the  numbers  obtained  when  the  disk  was  in  the  surface 
cannot  be  shown  on  the  scale  of  the  diagram.  Fig.  V.  there- 
fore has  been  drawn  on  one  tenth  of  the  scale  of  fig.  IV. 
To  avoid  confusion  it  has  been  displaced  to  a  convenient  dis- 
tance along  the  line  of  abscissas.  The  enormous  increase  of 
resistance  as  soon  as  the  disk  touches  the  surface  is  very  stri- 
kingly shown;  and  it  must  be  remembered  that  the  increase 
for  a  very  small  oscillation  would  be  very  much  greater. 

The  conclusion  may  be  drawn  from  figs.  III.  and  IV.,  that 
both  in  water  and  in  the  saponine  solution  the  effect  of  the 
surface  disappears  when  the  edge  of  the  disk  is  about  a  milli- 
metre and  a  half  below  it 

We  cannot  conclude  without  expressing  our  sincere  thanks 
to  Prof.  Riicker  for  his  kind  assistance  in  our  experiments. 


Digiti 


zed  by  Google 


243 


XX  VIIL  On  Curved  JDiffractionrgratings.  By  R  T.  Glazb- 
BROOK,  M.A.,  FJt.S.y  Fellow  and  Lecturer  of  Trinity  College, 
Demonstrator  at  tlie  Cavendish  Laboratory ,  Cambridge*. 

Prof.  Bowlaih)  has  described  the  appearances  presented 
when  a  beam  of  light,  after  passing  through  a  slit;  falls  on 
a  grating  raled  on  a  cylindrical  surface,  and  has  given  a 
very  elegant  construction  for  determining  the  position  of  the 
diffracted  foci  in  the  case  in  which  the  principal  section  of 
the  grating  is  a  circle  and  the  source  of  light  is  placed  at 
its  centre  of  curvature.  The  mathematics  of  the  subject  have 
been  dealt  with  still  more  recently  by  M.  Mascart  (Journal  de 
Physique,  January  1883)  and  Mr.  W.  Baily  (Phil.  Mag. 
March  1883).  The  object  of  the  present  paper  is  to  carry  the 
discussion  somewhat  further. 

Prof.  Bowland  claims  for  his  gratings  that  they  enable  him 
to  form  a  pure  spectrum  without  the  use  of  lenses,  and  hence 
have  an  immense  advantage  over  those  hitherto  employed.  It 
must,  however,  be  remembered  that  the  formulaB  obtained  to 
give  the  position  of  the  diffracted  spectra  are  only  true  to  a 
first  approximation,  that  the  spectra  formed  and  the  source  of 
light  are  to  one  another  in  the  relation  of  the  conjugate  geo- 
metrical foci  of  a  lens  or  mirror.  All  the  waves  which  arrive 
at  any  one  point  of  the  spectrum  are  not  in  exactly  the  same 
phase.  Aberration  effects  are  produced,  and  have  to  be  con- 
sidered just  as  in  the  ordinary  theory  of  lenses  or  mirrors.  Now, 
if  a  plane  wave  of  light  fall  on  a  plane  grating,  and  the  effects 
be  observed  on  a  screen  at  an  infinite  distance  behind  the  gra- 
ting, the  spectrum  formed  is  perfectly  pure ;  all  the  red  light, 
after  passing  the  grating,  is  definitely  brought  to  a  focus  at 
one  point ;  there  is  no  aberration,  so  far  at  least  as  the  gra- 
ting is  concerned.  Of  course  the  difiiculty  is  to  obtain  the 
plane  wave  and  the  screen  at  an  infinite  distance.  If  the 
source  of  light  be  placed  at  the  principal  focus  of  a  col- 
limatdng  lens,  the  emergent  wave  differs  from  a  plane  by 
quantities  depending  on  the  aberration  of  the  lens ;  while  if 
the  diffracted  beam  is  received  on  a  second  lens  and  a  screen 
be  placed  in  the  focal  plane  of  that  lens,  the  screen  would 

«  Bead  April  14, 1883. 
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practically  be  at  an  infinite  distance  from  the  grating  bat  for 
the  aberration  prodaced  by  the  lens. 

So  far,  then,  as  definition  merely  is  concerned,  we  have  to 
compare  the  aberration  effects  prodaced  by  these  lenses  with 
those  caased  by  the  carvatare  of  the  grating.  Of  coarse  a 
reflexion  grating  ased  withoat  lenses  has  an  immense  advan- 
tage for  experiments  on  the  violet  or  ultra-violet  rays  which 
are  absorbed  by  glass. 

In  considering  the  aberration,  then,  we  shall  follow  the 
method  adopted  by  Lord  Rayleigh  in  his  paper  on  "  Investi- 
gations in  Optics,  with  special  reference  to  the  Spectroscope. 
Aberration  of  Lenses  and  Prisms  "  (Phil.  Mag.  Janaary  1880). 
Let  QA,  QP  be  two 
adjacent  rays  diverging 
from  a  point  Q  and  fall- 
ing on  the  concave  side 
of  a  circle  A  P,  centre 
0.  Let  QAO  =  <^, 
AOP  =  «,  QA  =  M, 
OA=a.     Then 

AP=2asins 


Hence 


2 


QP»=««+4a»8m»|-4a«sm|siii(|-^);  .     .     (1) 
aod,  expanding  as  far  as  o>*,  -vra  find 

QP=M+a«8in^ 5-  (cos^ cos*^  j 

aw' sin ^ /I      a        .  ,  a*      .  .\  ,  /a\ 

Again,  let  Q,  be  another  point  on  the  other  side  of  the  normal 
OA,  and  let  QiA=u',  Q,AO='^.    Then 

Q,P=M'-aw8in'^ — ^(co8'^—  4cos''^j 

.aw*  sin  •^/l       a         ,   ,   a'       ,  ,\  /o\ 

+ 2-^[s--,ooa^+-^n<^'^}     •    •   (3) 
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Suppose  now  that  A  is  a  point  on  one  line  of  the  grating,  and 
P  a  corresponding  point  on  some  other  line.  Then  waves 
from  Q  diffracted  at  A  and  P  respectively  will  reach  Qi  in  the 
same  phase  if  QP  +  QiP=QA  +  QiA±7iX,  \  being  the  wave- 
length. That  is,  if 
aa)(sin^— sin-^) 

ao)^  f        .  .  ,         /cos' A  .  cos'-^W 

-^|8m<^(^g--cos^+^cos'^| 

-sin ^(g  -  Jcosifr  +  ~jcos» V^)  I  =  ±n\.      .     (4) 

This  is  equivalent  to  Mr.  Baily's  formula  carried  to  the  next 
degree  of  approximation;  and  his  results  are  obtained  by  neg- 
lecting the  term  in  co^  and  taking  ^  and  yfr  to  satisfy  the 
equation  ^-^ 

sinA— sin-^rs  H , (5) 

and  then  u  and  u^  to  satisfy 

oo8^+cos'^-a(°-^+-^)=0.     .     .      (6) 

To  consider  the  aberration  we  have  two  cases  before  us. 
Let  us  suppose  (1)  that  equation  (5)  holds,  and  determine  the 
value  u\y  say  of  m',  considering  the  terms  in  ©'  in  equation  (4). 
This  will  give  us  what  we  may  call  the  longitudinal  aberration. 

In  the  second  case  we  shall  suppose  equation  (6)  to  hold, 
and  determine  the  value  for  y^  which  satisfies  (4)  to  the  same 
approximation.     This  will  give  us  the  lateral  aberration. 

In  the  general  case  equation  (4),  as  it  stands,  really  deter- 
mines the  locus  of  the  image  of  Q  formed  by  difiraction  at  the 
two  lines  A  and  P;  and  this  locus  is  clearly  an  hyperbola, 
with  A  and  P  as  foci.  Waves  diflracted  at  A  and  P  respec- 
tively will  arrive  in  the  same  phase  at  any  point  of  this  hyper- 
bola. For  every  point  such  as  P  on  the  grating  an  hyperbola 
possessing  similar  properties  can  be  drawn.  If  all  t^ese  hy- 
perbolas meet  in  a  point,  then  that  point  is  really  a  focus  for 
waves  diverging  from  Q;  they  all  are  in  the  same  phase  when 
they  meet  there.  This  is  the  case  if  the  grating  be  plane  and 
Q  and  Qi  infinitely  distant.  If,  however,  the  hyperbolas  do 
not  all  meet  in  a  point,  there  is  really  no  focus  in  its  strict 
sense,  only  a  geometrical  focus.     If  we  neglect  o)'  and  higher 
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terms,  then  the  point  given  by  (5)  and  (6)  is  to  this  approxi* 
mation  conunon  to  all  the  hyperbolas  :  it  is  the  geometrical 
focns. 

To  discnss,  then,  the  aberration  in  this  case.  Letw'i  as w'  -h  W, 
where  \J  satisfies  (6),  and  suppose  we  neglect  £u^p,  aa>Su',and 
such  terms.     Then 

,  .  ,        /  cos^  ^  ,  cos'  'Jr  /        lv!\  \ 

asin-^cosi^A       a         ,M     /. 

+  Jsin^cos^(^l-~cos^)}.      .      .     (7) 

Equation  (7)  determines  the  aberration  in  the  general  case. 
To  determine  the  effect  of  this  in  practice,  let  us  suppose  that 
we  are  considering  the  spectrum  of  the  first  order,  so  that  the 
retardation  of  the  light  coming  from  two  consecutive  lines  is 
just  one  wave-length  ;  and  hence,  if  P  be  on  the  itth  line  from 
A,  and  <r  the  distance  between  two  lines,  then  the  arc  AP  = 
ka^aw,  and  n=A. 

Let  us  suppose,  further,  that  the  origin  of  light  is  at  the 
centre  of  curvature  of  the  grating,  so  that  u^ca,  ^=0,  and 
hence,  taking  the  —  ve  sign  in  (6), 

sin'^=-,cos'<f'=Y/  (l—  -3J,M'=acos^=a\/f  1—  -pV 

Thus 

kX 

Let  Qi  (fig.  2)  be  the  point  on  the  line  given  by  sim^s-, 

which  is  determined  by  u'=acos^,  Q' being  the  point  on 
that  line  at  which  light  arrives  in  exactly  the  same  phase  from 
A  and  P.  Then  QiQ'=i*\.  And  the  angle  PQiA  difiers  by 
only  a  small  quantity  from  m;  while,  since  Q^Qi  is  small  com- 
pared with-PQ',  the  angle  QiPQ^  is  small  compared  with  ct). 
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Hence,  if  (yR  be  drawn  at  right  angles  to  PQi,  the  light  from 
P  arriyes  at  B  in  the  same  phase  as  at  Q',  and  the  difference 

Fig.  2. 

n 


in  phase  at  Q|  between  the  waves  coming  from  A  and  P  is 
QiQ'— QiR=  QiQ'(l  —  cos  «) ;  and  to  the  same  approximation 
this  is  equal  to  ^kXecl^,  So  that  if  we  consider  as  well  the  light 
coming  from  a  point  1/  lines  below  A,  the  extreme  difference 
of  phase  in  the  various  waves  which  reach  the  point  Qi  is 
\{k  +  kf)\(a^;  k-\-k  will  be  the  total  number  of  lines  in  the 
grating. 

Thus  in  one  of  Prof.  Rowland's  gratings  we  have 
a =213  centim.y 

37 
^=2130*^^''*' 
i+i!/=14250; 
and  hence  the  difference  in  phase  is  about  7X/10.     Hence  the 
aperture  of  the  grating  is  too  large  to  give  the  best  defini- 
tion :  for  that  purpose  the  difference  of  phase  in  the  various 
secondary  waves  arriving  at  the  point  in  question  should  not 
be  greater  than  X/4. 

We  may  conveniently  express  this  difference  of  phase  in 
terms  of  the  number  of  lines^  the  radius  of  the  gratings  and 
the  distance  between  the  lines.  Let  cr  be  the  distance  between 
the  lines;  then 

and  the  difference  of  phase  is 

For  good  definition  this  difference  of  phase  must  not  be  greater 
than  X/4.  Since  in  the  case  above  tiie  difference  of  phase  is 
7\/10,  we  must  reduce  the  number  of  lines,  ^eepin^  the 
distance  between  them  the  same,  in  the  ratio  of  ^10  to  v^28,  or 
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rather  more  than  2  to  3«  Hence  by  covering  np  rather  less 
than  one  third  of  the  grating  we  ahonld  expect  to  produce 
better  definition.  i 

In  another  grating  of  Rowland's,  <r=jY777Q  centim.,  a="520 

contim.,  £-4- J(/ a  160,000;  and  in  this  case  the  difference  of 
phase  conies  ont  to  be  aboat  4*8  x  X.  The  grating  is  mnch  too 
wide  ;  it  will  require  reducing  in  the  ratio  of  1  :  \/19'2,  or 
about  3 :  8. 

To  consider  now  the  lateral  Fig.  8. 

aberration,  using  the  same 
notation,  describe  a  circle 
(fig.  3)  through  Q,  with  A 
as  centre.  Light  from  A 
arrives  in  the  same  phase  at 
all  points  on  this  circle.  Let 
Q^  bo  the  point  on  the  circle 
At  which  tlie  light  arriving 
from  P  is  in  the  same  phase 
as  tlmt  from  A,  and  let 
ir  +  Byft  ho  the  angle  OAQ', 
and  let  yft,  ^,  t4,  and  u'  satisfy  (5)  and  (6).  Our  fundamental 
fHluation  (4)  becomes,  neglecting  terms  Uke  »'S^> 

aa»  jsin  ^~  sin  ^~S^  COS  ^ 

-j{coa*+oo-V.-a(^  +  2^) 

-«Ut(i-Jc08t+^C08»t)}]  =  ±«3C  (9) 
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and^  to  the  approximation  adopted  in  considering  the  longita- 
dinal  effect, 

8^=-_sec.fr|  ±  j_--8in0cos^(l-  -^) 

+  Jsini|rcos'^(l-^,co8V^)}.  .  .  (10) 
If,  as  before,  Q  coincide  with  0,  then  usO,  ^ssO,  u'=acos^; 
and  taking  the  negative  sign,  so  that  sin'^= —  9 

and  Q,Q'=u'S^=!^. 

6 

Thns,  carrying  our  approximation  as  far  as  terms  in  a>'  in 

equation  (4),  we  find  that  the  position  of  the  image  formed, 

considering  only  two  of  the  lines  as  producing  diffraction 

effects,  is  not  at  Qi  but  Q',  where  QiQ's*  -^.     Hence,  if  we 

consider  the  whole  grating,  using  the  same  notation  as  before 
the  breadth  in  a  direction  normal  to  AQi  of  the  image  formed 

wiD  be  comparable  with  ^^ w-^ — ^  »  being  the  whole  semi- 
aperture.  Expressing  this  in  terms  of  the  radius  of  the  gra- 
ting a  and  the  distance  between  the  lines  0-,  we  find  the  value 

^(£  +  k'y  — .     Thus  the  breadth  of  the  image  will  depend  on 

the  square  of  the  number  of  lines.  In  the  grating  first  con- 
sidered this  quantity,  i(*  +  A/)Xg),  is  about  yj^  of  a  centimetre 
for  yellow  light,  while  the  distance  between  the  D  lines  is  about 
-^  centim.,  or  ten  times  as  much;  while  in  the  second  grating 
this  lateral  aberration  is  ^  centim.,  ihe  distance  between  tihe 
D  lines  being  about  seven  times  as  great.  If  the  size  of  this 
last  grating  be  reduced  to  f  of  what  it  actually  is,  the  extreme 
lateral  aberration  will  be  reduced  to  ^  or  about  f  of  its 
actual  value,  thus  becoming  about  ^J^j  of  a  centimetre,  and 
the  extreme  difference  of  phase  in  the  light  of  a  given  wave- 
length X  reaching  any  point  of  the  diffracted  spectrum  will  never 
exceed  X/4,  the  dispersion  will  remain  unaltered,  the  defini- 
tion and  the  brightness  of  the  spectrum  will  both  be  increased. 
It  is  clear  that  in  both  cases  tie  outer  portion  of  the  grating 
VOL.  V.  X 
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not  merely  impairs  the  definition,  bat  actually  renders  it  less 

briffht  than  before.     For 

consider  two  points  Pi,  Pj  ^' 

(fig.  4)  equidistant  from 

A,  such  thatthe  difference 

in   phase   in   the    waves 

coming  from  Pi  and  Pj  to 

Qi  is  5  (since  the  differ- 
ence of  phase  for  the  ex- 
treme rays  is  in  both  cases 

greater  than  ^^these  points 

can  be  found).  Then  the  light  reaching  Qi  from  above  Pj  is 
opposite  in  phase  to  some  of  that  which  reaches  Q|  from  be- 
tween Ps  and  A,  and  tends  to  neutralize  the  effect  of  this;  while 
similar  results  hold  for  light  coming  respectively  from  below  P^ 
and  between  A  and  Pi.  Thus  a  large  aperture  does  not  ne- 
cessarily mean  that  there  is  a  large  quantity  of  light  at  the 
focus.  Exactly  the  same  may  happen  in  the  case  of  a  lens. 
Lord  Bayleigh  has  shown  that  if  a  be  the  angular  semi-aperture 
of  the  lens  as  viewed  from  the  focus,  and  the  curvatures  of  the 
lens  be  adjusted  to  reduce  the  longitudinal  aberration  to  a 
minimum,  a^  should  not  exceed  \//.  A  similar  course  of  rea- 
soning shows  us  that  if  a*  is  greater  than  2\/fy  the  light  from 
the  outer  annulus  of  the  lens  will  be  opposite  in  phase  to  that 
from  the  central  portions. 

To  compare,  finally,  the  definition  of  the  curved  grating 
with  that  produced  by  a  plane  grating,  and  two  lenses  of  equal 
focal  length  used  as  a  collimator,  and  the  object-glass  of  a 
telescope  respectively,  we  can  show  (Parkinson,  ^Optics,' 
§  130),  that  if  a  is  the  semi  angular  aperture  of  either  of  these 
lenses  seen  from  its  principal  focus, /its  focal  length,  and  the 
curvatures  are  adjusted  to  make  the  aberration  of  each  lens  a 
minimum,  then  the  aberration  is,  for  light  of  refractive  index 

15 
1*5,  -«-/«*;  but,  as  quoted  above,  Lord  Bayleigh  has  shown 

that  the  aberration  should  not  be  greater  than  \/a*. 

7  X 
must  not  be  greater  than  ^kj' 
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In  the  case  of  the  first  of  Prof.  Rowland's  gratings  discussed 
above,  the  slit  and  eyepiece  are  at  a  distance  of  about  200  cen- 
tim.  from  the  grating.  Let  us  suppose  we  are  using  two  lenses 
of  200  centim.  focal  length,  and  inquire  what  their  aperture 
may  be  to  allow  the  condition  above  given  to  be  satisfied.  If 
y  be  the  radius  of  the  lens,  we  have 

4      X  ^  XI.       7  x8xl0*x6 
y  not  >  than  —j^;^^^ 

Thus  y  must  not  be  greater  than  3*8  centim.  A  lens  of  this 
aperture  would  just  about  admit  the  light  from  the  whole  of 
the  actual  grating  5  centim.  x  7  centim.  in  area  if  it  were 
plane;  whereas,  without  the  lens,  to  obtain  the  best  definition 
we  are  restricted  to  the  use  of  about  two  thirds  of  the  grating. 
In  the  case  of  the  other  grating,  we  may,  without  increasing 
the  size  of  the  apparatus,  use  a  lens  of  500  centim.  focal  length; 
for  good  definition  its  aperture  should  not  be  more  than 


</ 


7  xl25xl0«x6 


15x10* 

or  about  7*6  centim.  A  lens  of  this  aperture  would  enable  us 
to  use  with  the  best  advantage  the  whole  of  the  grating  if  it 
were  plane ;  whereas  in  the  concave  grating,  for  good  defini- 
tion we  should  only  use  about  three  eighths  of  the  whole.  It 
would  seem,  then,  that  in  cases  in  which  there  is  no  objection 
to  the  use  of  glass  (because  of  its  absorbing  qualities),  a  large 
grating  may  be  used  to  greater  advantage  if  it  be  ruled  on  a 
flat  surface  and  properly  chosen  lenses  be  employed  with  it, 
than  if  the  grating  be  curved. 

It  may  be  instructive  to  consider  the  subject  briefly  in  an- 
other manner.     Let  Q,  Q^  (fig.  5)  be  any  two  points,  and 

Fig.  6. 


-3 ST 

with  Q  and  Qi  as  foci  describe  a  series  of  confocal  ellipses;  let 
the  major  axes  of  these  ellipses  increase  in  arithmetical  progres- 
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sion,  and  let  the  common  differenoe  be  X.  Consider  a  sphe- 
rical wave  diverging  from  Q  and  reflected  at  any  point  of  any 
one  of  these  ellipses ;  all  the  reflected  light  will  reach  Qi  in  the 
same  phase.  Take  any  surface  F^,  Ps,  &c.  cutting  the  ellipses 
in  Pi,  Ps  &c.;  and  suppose  it  capable  of  reflecting  light  at  these 
points  and  incapable  of  so  doing  elsewhere.  All  the  light  from 
Q  which  falls  on  this  surface  at  these  points  will  be  reflected 
to  Qi,  and  the  various  waves  will  reach  Qi  in  the  same  phase. 
If  now  Q  be  the  section  of  a  slit  normal  to  the  paper,  P,  P^ 
&c.  that  of  a  polished  cylindrical  surface  whose  generators  are 
normal  to  the  paper,  and  lines  be  ruled  on  this  surface  to  block 
out  the  spaces  P,  P2,  Pj  Pg,  Ac.,  the  lines  also  being  normal  to 
the  paper,  we  shall  obtain  a  difiraction-grating  which  will  give 
an  image  of  Q  without  aberration  at  Qi. 

We  can  thus  determine  the  law  according  to  which  lines 
must  be  ruled  on  any  cylindrical  surface  to  give  an  aplanatic 
difiraction-image  of  a  slit ;  for  we  require  only  to  write  down 
the  equations  to  the  ellipses  and  the  surface  and  determine  the 
points  of  intersection.  We  will  solve  the  simple  case  when 
the  curve  Pi  P3  &c.  is  a  straight  line  parallel  to  Q  Qi-  Take 
Q  Qi  as  axis  of  a  ;  let  a  and  b  be  the  semi-axes  of  one  of  the 
ellipses,  suppose  that  which  touches  the  line  Pi  P3 . . . ;  then 
the  semi  major  axes  of  the  other  ellipses  are 

a+  g,     a'k-S...a+  y,  &c.; 

while  to  find  6„,  the  semi  minor  axis  of  the  (n  +  l)th  ellipse, 
we  have 

(a+  y y-6;=a«-6^A62=6^+na\+^.     .    (12) 

Let  Q  Qi=2c,  tiien  we  have 

a»=62  +  c2, (13) 

and  the  equ9tion  to  the  (n  +  l)th  ellipse  is 

;S?"^ ;?^2=L     •     •     (14) 

a!'+na\+  ^      6^  +  na\+  ^ 
4  4 

Let  .Vn  be  the  abscissa  of  the  point  in  which  this  is  cut  by  the 

line  y  as  i,  then 

(a^  +  na\  +  —r-  )  (na\  +  —r—  ) 
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Substituting  for  a  and  giving  n  the  values  0,  1,  2,  3,  Ac.  in 
order,  we  can  obtain  values  for  jpq,  4?„  ^2  &c.,  and  determine 
thus  the  position  of  the  lines.  A  plane  grating  ruled  in  this 
manner  would  form  at  Qi  without  aberration  an  image  of  Q  for 
light  of  the  given  wave-length  X.  Of  course  it  would  be  open 
to  the  objection  which  holds  against  all  such  aplanatic  arrange- 
ments, viz.  that  they  are  only  good  for  light  of  one  definite 
wave-length.  If  the  grating  were  used  for  light  of  a  diflFerent 
refrangibility,the  image  formed  would  suflPer  from  aberration. 


XXIX.  A  new  Photameter. 
By  Sir  John  Oonrot,  Bart,,  M.A^ 
Having  recently  made  a  considerable  number  of  photometric 
observations,  and  learnt  by  experience  the  di£Sculty  which 
attends  all  such  determinations,  I  venture  to  bring  before  the 
Society  the  description  of  a  new  form  of  photometer  which 
appears  to  possess  certain  advantages  over  those  in  use.  All 
such  instruments,  with  the  exception  of  the  wedge-photome- 
ter, are  essentially  arrangements  for  comparing  the  illumina- 
ting-power of  two  lights,  and  therefore  do  not  give  absolute 
measures;  the  one  I  propose  describing  is  no  exception  to 
this  general  rule. 

I  had  intended  to  use,  in  some  experiments  on  the  amount 
of  light  reflected  by  metallic  surfaces^  the  ordinary  Bunsen's 
disk  ;  but  I  found  that,  owing  to  the  small  size  of  tiie  beam  of 
reflected  light,  it  was  impossible  to  make  any  satisfactory 
measurements  with  the  disks  in  conmion  use,  and  after  trying 
various  photometric  arrangements  I  finally  adopted  a  modifi- 
cation of  Ritchie's  photometer. 

The  various  forms  of  shadow-photometers  work  well ;  but 
as  the  accuracy  of  the  determination  depends  on  the  edge  of 
the  two  shadows  coinciding  and  yet  not  overlapping,  it  is 
necessary  to  have  some  arrangement  for  altering  the  distance 
between  the  screen  and  the  shadow-producer,  which  adds  to 
the  complexity  of  the  apparatus,  except  indeed  when,  as  in 
Mr.  Harcoiirt's  photometer  for  gas-work,  the  variation  in  the 
relative  intensities  of  the  two  lights  is  caused  by  the  size  of 
one  of  the  flnmes  being  altered,  and  not,  as  in  those  arrange- 
*  Read  April  28, 1883. 
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ments  heretofore  in  use,  by  altering  the  distance  of  the  flame 
from  the  screen  whilst  the  size  is  kept  constant. 

Ritchie's  photometer,  as  is  well  known,  consists  of  two 
pieces  of  white  paper  fastened  to  the  adjacent  sides  of  a  trian- 
gular block  of  wood,  each  being  illuminated  by  one  only  of 
the  lights  which  are  to  be  compared.  Finding  it  impossible 
so  to  arrange  the  apparatus  that  the  illuminated  surfaces  should 
be  actually  in  contact,  the  bend  in  the  paper  along  the  edge 
of  the  block  separating  the  two  illuminated  areas,  and  therefore 
interfering  witii  the  accuracy  of  the  determination,  I  placed 
one  of  the  pieces  of  paper  slightly  in  front  of  the  other,  and 
overlapping  it  to  a  small  extent,  so  that,  whilst  both  were 
visible  to  the  observer,  each  was  illuminated  by  one  only  of 
the  sources  of  light ;  when  equally  illuminated,  ihe  edge  of  the 
front  paper  vanished. 

It  was  originally  intended  that  the  light  should  be  incident 
upon  the  surfaces  of  the  paper  at  an  angle  of  45^;  but  it  was 
found  that  when  the  light  regularly  reflected  by  the  paper 
reached  the  observer  (i.  e.  when  the  line  of  sight  and  the 
direction  of  the  incident  light  formed  equal  angles  with  the 
normal  to  the  paper)  it  was  not  possible  to  make  satisfactory 
measurements. 

After  various  positions  had  been  tried,  it  waB  found  that  the 
best  results  were  obtained  when  the  light  was  incident  upon 
the  paper  at  an  angle  of  about  30^  and  the  line  of  sight 
formed  an  angle  of  60^  with  the  normal. 

Two  triangular  blocks  of  wood,  4  centim.  high,  were  screwed 
to  a  rectangular  board  about  15  centim.  by  10  centim.,  in  the 
position  shown  in  the  figure,  and  pieces 
of  white  paper,  3  centim.  by  3  centim. 
(filter-paper  was  tried  ;  but  ordinary 
white  writing-paper  not  too  highly 
glazed  seemed  most  suitable),  held 
against  the  hypotenuse  of  each  of  the 
triangular  prisms  by  india-rubber 
bands. 

It  is  of  course  essential  that  the  light 
should  be  incident  upon  both  papers 
at  equal  angles,  and  that  the  papers 
should  be  so  placed  that  no  light  can  ^  actual  size. 
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be  reflected  from  one  to  the  other.  It  is  desirable  that  both 
papers  should  be  cut  from  the  same  sheet,  and  that  the  surfaces 
on  which  the  light  is  incident  should  originally  have  formed 
one  side  of  that  sheet. 

A  rectangular  board,  similar  to  that  to  which  the  prisms 
were  fixed,  was « fastened  to  the  top  of  the  prisms  by  two 
screws;  and  to  the  edges  of  this  board  four  strips  of  card,  in 
three  of  which  square  apertures  had  been  cut,  were  fixed,  and 
the  whole  arrangement  painted  both  externally  and  internally 
a  dead  black. 

In  order  to  adjust  the  papers,  or  replace  them  by  new  ones, 
it  is  merely  necessary  to  withdraw  the  two  screws  in  the  top 
board  and  lift  it  ofi*,  together  with  the  sides  of  the  box. 

The  edge  of  the  front  paper  coinciding  with  the  middle  line 
of  the  box,  the  photometer  could  be  used  with  either  side 
uppermost;  and  in  order  to  be  certain  that  the  illumination  of 
both  papers  was  entirely  due  to  light  incident  directly  upon 
them,  measurements  of  the  relative  intensity  of  tviro  similar 
paraBSn- lamps  were  made  with  the  photometer  in  both  posi- 
tions; and  it  was  found  that  the  readings  were  identical. 

The  photometer  was  compared  with  a  Bunsen's  disk  by 
placing  it  at  the  end  of  a  horizontal  board  furnished  with  a 
scale,  and  along  which  a  paraffin-lamp  was  arranged  to  slide. 
A  Bunsen's  disk,  in  an  ordinary  form  of  support  with  two 
inclined  loojdng-glasses,  could  be  screwed  to  the  end  of  the 
board,  to  which  three  stops  were  so  fixed  that,  when  the  disk 
was  removed  and  the  new  photometer  placed  against  the  stops, 
the  middle  line  of  the  box  was  in  the  same  vertical  plane  as 
the  disk  had  been, 

A  paraffin-lamp  was  placed  on  either  side  of  the  photo- 
meter, the  position  of  one  remaining  constant,  whilst  that  of 
the  oilier  was  altered  until  the  illumination  was  equal,  and  the 
distance  of  the  latter  read  off,  in  centimetres,  on  the  scale. 

The  table  gives  the  results  of  eight  observations  made  with 
both  photometers,  the  differences  of  each  observation  from  tho 
mean,  and  also  the  squares  of  these  differences. 


Digitized  by 


Google 


256  ON  A-KKW  PHOTOMETER. 

Bnnsen's  Disk. 

Differences  from         Squares  of  tbe 
centim.  the  mean.  aifferencea. 

85-7  +   -6  -36 

84-6  -  -5  -25 

84-9  -  -2  -04 

85-4  +  -3  -09 

86-2  +1-1  1-21 

84-8  -  -3  -09 

84-3  -  -8  -64 

85-2  +  -1  -01 

Mean  .  .  85-1  Sum  .  .  2-69 

New  Photometer. 

85-0  --4  -16 

85-7  +-3  -09 

85-0  --4  -16 

85-3  -•!  -01 

85-2  --2  -04 

85-4  --0  -0 

85-8  +-4  -16 

85-7  +-3  '09 

Mean  .  .  85-4  Sum  .  .  0-71 

The  probable  error  of  the  mean  result  and  the  probable  error 
of  a  single  observation  were  found  by  the  ordinary  formulae, 

O^aiJO,  ^ /s^m  of  the  squares  of  the  diflTerences  ^^  ^-  ^  ^j^^ 

V  n(n— 1) 

probable  error  of  the  mean  result,  w  being  the  number  of 

observations. 

Bunsen's  New 

disk.  photometer, 

centim.  centim. 

Probable  error  of  mean  result  ±0-148  ±0-076 

„  „         single  observation    ±0-418  ±0-215 

The  new  photometer  therefore  appears  to  be  twice  as  accu- 
rate as  the  Bunsen's  disk  :  it  is  only  fair  to  add  that,  had  the 
measurements  been  made  by  an  observer  accustomed  to  work 
with  the  disk,  the  result  might  have  been  different. 
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XXX.  On  the  Determination  of  Chemical  Affinity  in  terms  of 
Electromotive  Force. — Part  VII.  By  C.  R.  Alder  Wright, 
D.Sc,  {Lond.),  F.R.S.y  Lecturer  on  Chemistry  and  Physics, 
and  C.  Thompson,  Demonstrator  of  Chemistry,  in  St.  Mary*s 
Hospital  Medical  School*. 

On  tlie  Electromotive  Force  of  Clarices  Mercurous- Sulphate 
Cell ;  and  On  the  Work  done  during  Electrolysis. 

On  tlie  E.M.F.  of  Clark's  Cell. 

133.  In  the  coarse  of  the  series  of  experiments  partly  de- 
scribed in  Parts  V.  and  VI.  a  large  number  of  observa- 
tions have  been  made  with  various  cells  after  Clark's  con- 
struction (Proc.  Roy.  Soc.  xx.  p.  444),  in  all  cases  com- 
pared with  one  another  and  with  other  cells  by  means  of  the 
quadrant-electrometer  only,  so  that  they  never  generated  any 
current  other  than  the  minute  leakage  current  through  the 
not  mathematically  absolutely  insulating  materials  between 
their  poles. 

In  some  instances  the  mercurous  sulphate  was  purchased 
(from  Messrs.  Hopkin  and  Williams),  and  was  well  washed 
before  use  by  numerous  boilings  with  distilled  water  and  de- 
cantations.  In  other  cases  the  mercurous  sulphate  was  pre- 
pared by  heating  twice-distilled  mercury  (previously  purified 
by  nitric  acid)  with  pure  sulphuric  acid  at  as  low  a  tempera- 
ture as  possible  consistent  with  any  action  taking  place,  and 
thoroughly  washing  the  resulting  sulphate  by  repeatedly  boil- 
ing with  distilled  water  and  decantation.  The  action  was 
never  allowed  to  go  on  until  more  than  a  fraction  of  the  mer- 
cury used  was  converted  into  sulphate,  in  order  to  reduce  the 
amount  of  mercuric  sulphate  formed  to  a  minimum. 

The  cells  were  made  out  of  pieces  of  ordinary  combustion- 
tubing  (selected  on  account  of  the  absence  of  lead  in  the  glass) 
drawn  out  before  the  blowpipe  into  the  U-shape  represented 
on  about  two  thirds  scale  in  the  cut  (fig.  1).     The  glass  being 

•  Read  May  12, 1883. 


Digitized  by 


Google 


258 


MESSRS.  WRIGHT  AND  THOMPSON  ON  THE 


Fig.  1. 


perfectly  dry  and  hot,  pare  recently-boiled 
still  hot  mercury  was  poured  into  them  so 
as  to  form  a  layer  about  half  an  inch  (10 
to  15  millimetres)  deep,  a;  on  the  top  of 
this  was  then  poured  a  boiling  paste  of 
thoroughly  well- washed  mercurous-sulphate 
and  zinc-sulphate  solution,  containing  so 
much  of  the  latter  salt  as  to  be  slightly  su- 
persaturated when  cold,  so  as  to  crystallize 
on  standing.  It  was  found  convenient  to 
make  the  paste  not  too  thick,  and  to  let  the 
solid  matter  subside  in  the  cell,  the  su- 
pernatant comparatively  clear  fluid  being 
sucked  out  by  a  clean  pipette,  so  as 
finally  to  leave  on  the  top  of  the  mercury 
a  layer  of  particles  of  mercurous  sulphate  wetted  with  zinc- 
sulphate  solution  some  15  to  20  millimetres  deep,  b.  Pieces 
of  zinc  rod  (cast  in  glass  tubes  from  pure  metal  fused  in  a 
porcelain  crucible),  well  brightened  by  a  file  that  had  never 
touched  any  other  metal,  were  then  placed  in  the  cells  so  as 
to  dip  into  the  paste  some  4  or  5  millimetres,  and  project  out 
of  it  about  twice  as  much,  c.  The  zincs  were  kept  from  falling 
by  pieces  of  cork,  rf,  cut  as  represented  in  fig.  2,  and  pre- 
viously immersed  in  hot  paraffin-wax  so  as  to  expel  pj  2 
air  and  moisture  ;  to  the  ends  projecting  from  the 
paste  were  previously  soldered  copper  wires,  e. 
Melted  paraffin-wax  was  then  poured  into  the  cell 
so  that  all  air  was  expelled,  rising  through  the 
perforations  in  the  edges  of  the  cork  disks,  and  so  that 
the  upper  two  thirds  of  the  zinc  and  the  soldering  were 
completely  covered,  /.  Finally,  a  piece  of  platinum  wire,  ff,  or 
a  strip  of  foil  was  passed  down  the  narrow  limb  of  the  cell  so  as 
to  make  contact  with  the  mercury  :  it  was  found  convenient 
to  amalgamate  the  tip  of  the  platinum  by  moistening  it  and 
immersing  it  in  freshly  made  sodium  amalgam,  all  sodium 
being  removed  from  the  adherent  film  of  mercury  by  subse- 
quent immersion  in  water  for  some  hours.  The  cells  thus 
prepared,  being  wanted  for  use  only  and  not  being  required 
to  be  externally  well  finished,  were  not  mounted  in  the  neat 
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brass  cases  with  ebonite  tops  and  binding-screws  usually  em- 
ployed, but  were  simply  fixed  in  a  beaker,  or  any  other 
convenient  holder,  by  pouring  in  melted  paraffin-wax  around 
them.  When  used  in  connexion  with  the  electrometer,  the 
copper  wire  soldered  to  the  zinc  and  a  similar  wire  soldered 
to  the  strip  of  platinum  (and  secured  by  a  turn  round  the 
upper  end  of  the  narrow  limb  and  a  drop  of  sealing-wax) 
were  bent  over  so  as  to  dip  into  mercury-cups,  a  number  of 
which  were  arranged  in  the  arc  of  a  circle  round  two  others, 
like  those  figured  in  Part  V. ;  so  that  any  consecutive  pair 
of  cups  could  at  will  be  connected  with  the  electrometer  by 
ihe  double  switch. 

Either  through  a  natural  repulsion  between  bright  zinc  and 
the  mercurous-sulphate  paste,  or  through  the  formation  of  a 
faint  film  of  grease  &o.  on  thc^  zinc  from  the  file  used  to 
brighten  it,  it  sometimes  happened  that  the  cell  when  finished 
would  not  work,  contact  not  existing  between  the  zinc  and 
paste.  It  was  found  that  this  never  occurred  when  the 
brightened  zincs  were  washed  successively  with  ether,  alcohol, 
and  saturated  zinc-sulphate  solution  just  before  immersion  in 
the  paste. 

134.  On  comparing  together  a  moderately  large  number  of 
cells  (upwards  of  fifty)  thus  prepared  with  different  specimens 
of  mercurous  sulphate,  readings  being  taken  two  or  three 
times  a  week  for  some  three  months,  the  following  results 
were  obtained  : — A  slight  rise  in  E.M.F.  was  often  observed 
during  the  first  few  days  after  construction  ;  but  at  the  end 
of  a  week  at  most  the  values  became  constant ^  and  remained  so 
{the  temperature  being  constant)  for  long  periods  of  time.  The 
maximum  variations  observed  between  the  average  results  of 
the  series  of  observations  for  any  two  given  cells  were  slightly 
less  than  that  found  to  exist  by  Clark  (whose  highest  and 
lowest  values  are  respectively  1'4651  and  1*4517  volt,  giving 
a  difierence  of  *0134  volt,  or  upwards  of  0'9  per  cent,).  Taking 
the  average  of  the  whole  set  as  100*00,  the  maximum  variation 
between  two  single  cells  did  not  exceed  '010  volt,  or  0*7  per 
cent.,  each  cell  possessing  a  value  lying  between  99*65  and 
100*35.  Even  amongst  cells  set  up  at  the  same  time  from 
absolutely  the  same  materials,  extreme  difiSerences  of  as  much 
as  0*005  volt  =  0*35  per  cent,  were  sometimes   observed, 
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although  usually  the  difference  did  not  exceed  '002  or  -003 
volt  and  was  frequently  almost  inappreciable. 

Much  greater  differences^  however,  were  found  to  exist 
when  the  zinc-sulphate  solution  was  not  completely  saturated 
with  that  salt,  the  variation  produced  being  of  this  kind,  that 
the  weaker  the  solution  the  higher  the^E.M.F,  of  the  ceU,  the 
difference  being  approximately  proportionate  to  the  amount 
of  dilution,  and  amounting  to  upwards  of  2*0  per  cent,  of  the 
value  when  considerably  dilute  zinc-sulphate  solution  was 
used.  The  details  of  these  observations  will  be  discussed  in  a 
future  paper,  along  with  those  of  similar  experiments  made 
with  other  cells.  It  may,  however,  be  here  noticed  that,  so 
long  as  a  cell  containing  unsaturated  zinc-sulphate  solution  was 
protected  against  concentration  by  evaporation,  and  was  only 
used  in  connexion  with  a  quadrant-electrometer,  its  indica- 
tions remained  perfectly  constant  for  many  months  (the  tem- 
perature being  the  same),  precisely  as  was  found  with  cells 
set  up  with  saturated  zinc-sulphate  solution. 

E/ect  of  Dissolved  Air  on  the  E.M.F.  of  Clark's  Cell 
135.  Two  series  of  experiments  were  made  with  the  object 
of  finding  out  how  far  the  boiling  of  the  mercurous-sulphate 
paste  (as  recommended  by  Clark)  in  order  to  remove  dissolved 
air  is  essential.  In  one  series  a  number  of  cells  were  set  up, 
using  fully  aerated  zinc-sulphate  solution  and  unboiled  mer- 
cury (exposed  to  the  air  under  a  glass  shade  for  several  days 
since  preparation  and  distillation  respectively);  in  the  other 
the  paste  was  boiled  in  a  Sprengel  vacuum  produced  in  the 
cell  itself  for  some  time,  the  cell  being  then  hermetically 
sealed,  so  as  to  reduce  the  amount  of  residual  air  to  a  mini- 
mum. In  each  case  the  average  E.M.F.  of  the  combination  was 
sensibly  identical  with  that  of  an  average  ordinary  Clark  cell 
prepared  as  above  described  and  containing  zinc-sulphate  solu- 
tion of  the  same  strength  as  that  contained  in  the  combination. 
In  order  to  prepare  these  hermetically-sealed  cells  a  rather 
troublesome  process  was  employed.  First  a  piece  of  glass 
tubing,  about  10  or  12  millim.  in  bore,  was  blown  into  a 
Y- shape,  and  the  two  limbs  of  the  Y  drawn  out  as  represented 
in  fig.  3;  a  zinc  rod  was  then  cast  so  that  a  thin  platinum  wire 
waA  imbedded  in  one  end  ;  this  zinc  rod  was  brightened  and 
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sealed  up  on  the  tube  so  that  the  platinum  wire  projected 
(fig.  4ty  a).     By  the  aid  of  a  glass  funnel  with  a  flexible  capil- 


Fig.S. 


Fig.  4. 


Fig.  5. 


lary  stem  (made  bj  drawing  ont  a  piece  of  tnbing  before  the 
blowpipe)  paraffin-wax  was  introduced  into  the  sealed-up  limb 
80  as  to  cover  up  completely  the  platinum  wire  and  lower  half 
of  the  zinc,  leaving  the  oiher  half  exposed,  b.  In  a  similar 
way,  recently  boiled  mercury  was  run  into  the  other  limb, 
previously  sealed  up  with  a  second  platinum  wire  passing 
through  the  glass,  c.  The  stem  of  the  inverted  Y-tnbe  was 
then  carefully  drawn  out  before  the  blowpipe  (fig.  5,  m),  and 
connected  by  means  of  a  short  piece  of  india-rubber  tubing,  n, 
with  the  end  of  a  glass  tube  projecting  from  the  little  flask,  p, 
containing  mercurous  sulphate  paste,  and  connected  with  the 
Sprengel  pump.  When  a  fairly  good  vacuum  was  obtained, 
the  paste  was  made  to  boil  by  appljdng  a  very  gentle  heat ; 
after  about  half  an  hour's  boiling  (the  pump  being  at  work 
the  whole  time)  the  connexion  between  the  pump  and  flask 
was  suddenly  severed,  when  the  sudden  access  of  atmospheric 
pressure  drove  the  paste  into  the  cell,  completely  filling  it ; 
the  pump  was  then  again  connected,  and  the  boiling  carried 
out  again  in  the  cell  itself,  and  so  on  as  before.  Finally,  by 
means  of  a  blowpipe  the  drawn-out  stem  was  sealed  at  m.  To 
prevent  the  paste  blocking  up  this  drawn-out  part,  it  was  found 
necessary  to  use  levigated  particles  of  mercurous  sulphate  with 
a  large  proportion  of  zinc-sulphate  solution;  so  that  ultimately 
the  cell  contained  much  more  fluid  than  solid  matter.  In 
order  to  use  the  cell,  copper  wires  were  soldered  to  the  plati- 
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num  wires  projecting  from  the  sealed  ends  of  the  inverted  Y 
and  bent  over  so  as  to  dip  into  mercury-cups,  the  Y  being 
either  held  by  a  clamp  or  imbedded  in  paraffin-wax,  and  of 
course  being  never  allowed  to  be  upset  or  shaken  up  so  that 
the  mercury  could  pass  into  the  limb  containing  the  zinc, 
which  is  otherwise  liable  to  occur  and  spoil  the  cell. 

136.  The  following  numbers  may  be  quoted  as  illustrations 
of  the  practical  absence  of  any  effect  on  the  E.M.F.  of  the  cell 
caused  by  the  presence  or  otherwise  of  dissolved  air.  The 
values  cited  are  the  average  readings,  during  a  period  of 
several  months,  of  a  dozen  cells  set  up  with  cold-saturated  zinc- 
sulphate  solution  well  aerated,  and  not  sealed  up  with  melted 
pai*affin-wax,  but  only  loosely  corked  to  avoid  entrance  of 
dust.  Each  cell  during  this  period  remained  sensibly  constant. 
All  the  values  are  reduced  to  the  average  reading  (taken  as 
1 00*00),  during  the  same  period,  of  a  yet  larger  number  of 
cells  prepared  hot  and  sealed  up  precisely  in  accordance  with 
Clark's  directions — this  average  reading  being  the  standard 
employed  in  the  previous  portions  of  these  experiments,  and 
especially  in  Parts  V.  and  VI. 

Batch  of  four  cells  made  from  mercurous  (  ^'              ^ 

sulphate  purchased  from  Messrs.  Hop-  J  "    ^*  aa 

kin  and  WiUiams J  ;^    3-  99'95 

I  „   4.  99-99 

Batch  of  four  cells  made  from  mercurous  (    "    ^*     qo 

sulphate  prepared  specially  by  ourselves  ^    ^'    ^' 

for  this  purpose J    >>    '•     99'99 

^    ^  I  ..    8.  100-02 


J} 


Batch  of  four  cells  made   from  another  (  "    ^-  ^^'^^ 

specimen  of  mercurous  sulphate  pre-/  ^^  lOU-11 

pared  by  ourselves J  «  H*  100-18 

^          ^                                                  I  „  12.  100-19 

General  average  ....  99-995 
Precisely  analogous  figures  were  obtained  with  several 
vacuum-prepared  cells,  no  one  of  which  gave  a  value  outside 
of  the  limits  99-7  and  100-3,  i.  e.  outside  of  the  limits  of  fluc- 
tuation of  the  ordinary  Clark^s  cells  compared  with  them. 
On  opening  one  of  these  vacuum-cells  so  as  to  admit  air,  a 
distinct  fall  in  E.M.F.,  amounting  to  0*25  volt,  was  observed  ; 
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this  behaviour,  however,  was  not  shown  by  other  similar  cells 
on  opening. 

Influence  of  Mercuric  Sulphate  in  the  Mercurous  Sulphate, 

137.  However  carefolly  the  mercurons  sulphate  may  be 
prepared,  it  is  almost  impossible  to  obtain  it  without  some 
admixture  of  mercuric  sulphate.  During  the  boiling  and  wash- 
ing by  decantation  this  latter  becomes  a  basic  salt,  the  so-called 
"  turpeth  mineral,"  which  possesses  a  bright  yellow  tint,  and 
commimicates  to  the  mercurous  sulphate  a  more  or  less  pro- 
nounced yellowish  tinge.  In  order  to  see  how  far  the  presence 
of  varying  quantities  of  this  compound  might  possibly  affect 
the  E.M.F.  of  Clark's  cell,  several  cells  were  set  up  in  the 
same  way  as  the  hot-prepared  cells  described  above,  but  using 
turpeth  mineral  only  instead  of  mercurous  sulphate.  Two 
samples  of  turpeth  mineral  were  employed: — one  purchased 
(from  Messrs.  Hopkin  and  Williams),  and  well  washed  by 
boiling  up  many  times  with  water  and  decantation  before  use; 
the  other  prepared  by  boiling  mercury  with  a  large  excess  of 
pure  sulphuric  acid,  evaporating  off  most  of  the  acid  (which 
process  converts  all  mercurous  sulphate  present  into  mercuric), 
adding  to  a  large  bulk  of  boiling  water  and  washing  many 
times  the  yellow  heavy  powder  formed,  by  boiling  up  with 
water  and  decanting,  so  as  to  remove  all  traces  of  free  sul- 
phuric acid,  and  of  the  soluble  acid  mercuric  sulphate  also 
formed.  On  taking  a  long  series  of  readings  of  these  cells,  it 
was  found  that  whilst  the  E.M.F.  was,  when  the  cell  was 
newly  set  up,  close  to  that  of  an  average  mercurous-sulphate 
cell,  on  standing  a  few  days  a  distinct  fall  was  observable, 
which  went  on  progressively  until,  after  some  weeks,  a  dimi- 
nution in  the  E.M.F.  of  between  3  and  4  per  cent,  was 
brought  about,  after  which  the  fall  ceased  or  became  very 
languid.  Thus  the  following  average  readings  were  obtained 
as  before,  the  average  E.M.F.  of  the  hot-prepared  cells  con- 
taining saturated  zinc-sulphate  solution  being  taken  as  100 
when  at  the  same  temperature  as  the  cells  examined:  cells  A, 
B,  C,  and  D  were  set  up  simultaneously  with  turpeth  mineral 
prepared  by  ourselves  ;  cells  E  and  F  simultaneously  with 
the  purchased  substance.  The  zinc,  zinc  sulphate,  and  mer- 
cury used  were  the  same  as  those  used  for  iJbe  hot-prepared 
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cells.  Notwithstanding^  however^  that  all  the  cells  were  as 
alike  as  possible,  jet  the  rate  of  fall  daring  the  first  few  weeks 
was  by  no  means  identical. 


Age  of  cell... 

Iday. 

2to6 
days. 

lto2 
weeks. 

6  weeks. 

2to4 
months. 

6to20  I 
months. 

CeUA    

„    B    

M    0   

.»    D    

100-6 
100-3 
100-4 
100-6 

100-12 
100-31 
100-22 
100-46 

99-95 

100-11 

99-90 

99-80 

98-35 
99-65 
9919 
97-88 

97-04 
98-18 
97-38 
97-39 

9700 
97-64 
96-96 
97-44 

AveragB 

100-5 

100-28 

99-93 

98-77 

97-60 

97-26 

CeUE    

M     F    

99-4 
99-5 

98-85 
99-41 

97-27 
9813 

96-78 
9711 

95-80 
96-00 

Ayerage 

99-45 

9913 

97-70 

96-96 

95-90 

It  is  evident  from  these  figures  that  the  efiect  of  the  pre- 
sence of  turpeth  mineral  in  the  mercnrons  sulphate  used  for 
Clark's  cells  is  in  the  direction  of  decreasing  the  value ;  but 
inasmuch  as  the  decrease  is  progressive,  whilst  no  such  altera- 
tion was  observed  in  the  Clark's  cells  examined,  at  any  rate 
during  several  months  after  construction,  it  appears  doubtful 
whether  the  variations  in  the  E.M.F.  of  different  Clark's  cells 
set  up  at  various  times  can  be  attributed  to  this  cause. 

Permanence  of  Clark* a  Cells. 

138.  A  number  of  cells  prepared  in  various  ways  (paste 
boiled  and  cells  sealed  with  parafiin-wax;  paste  boiled  in  vacuo 
and  cells  hermetically  sealed  ;  set  up  with  saturated  zinc-sul- 
phate solution,  or  widi  weaker  solutions)  were  kept  for  periods 
of  time  ranging  from  a  few  months  to  two  or  three  years,  and 
checked  against  one  another  from  time  to  time,  or  compared 
with  Daniell  cells  set  up  as  described  in  Part  Y.,  with  amal- 
gamated pure  zinc  and  electro-copper  plates,  and  pure  zinc- 
and  copper-sulphate  solutions  of  the  same  molecular  strength*. 

*  A  large  number  of  ohservations  on  the  E.M.F.  of  Daniell  ceUs  have 
shown  that,  when  proper  precautions  are  taken  in  setting  up  the  cells,  a 
very  considerable  degree  of  constancy  in  value  is  attainable,  so  that  such 
cells  serve  as  good  practical  standards ;  but  that  if  these  precautions  are 
neglected,  variations  amounting  to  5  ^er  cent,  and  even  more,  may  ensue. 
The  essentia]  precautions  are : — ^first,  that  pure  solutions  of  zinc  and  copper 
sulphates  containing  no  free  acid  should  be  used,  each  being  of  the  same 
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Ko  permanent  changes  in  the  values  were  observed  (outside 
of  the  limit  of  the  errors  of  observation)  in  the  case  of  those 
cells  which  were  so  well  sealed  that  neither  evaporation  took 
place^  nor  passage  outwards  of  the  fluid  by  capillary  action 
through  cracks  in  the  sealing  material.  Yacuum-cells  were 
thus  kept  unchanged  for  upwards  of  two  years,  as  also  were 
some  normal  Clark  cells  that  were  completely  imbedded  in 
paraffin-wax.  In  several  cases,  however,  where  the  cells  were 
not  completely  imbedded,  but  were  only  sealed  up  by  a  plug 
of  paraffin-wax  poured  in  at  first  round  the  zinc  plate  and  the 
cork  &c.  supporting  it,  cracks  formed  sooner  or  later  either  in 
the  paraffin-wax  itself  or  between  the  glass  and  the  wax,  so 
that  the  fluid  passed  out  through  the  cracks  by  capillary  action 
and  formed  an  efflorescence  outside  the  cell.  In  some  cases 
the  action  went  on  to  such  an  extent  as  to  leave  the  zinc 
wholly  exposed,  no  contact  finally  existing  between  it  and  the 
paste  :  such  cells  were  of  course  utterly  spoilt.  In  other  in- 
stances the  zinc  was  only  partially  bared  :  in  these  cases  the 
E.M.F.  of  the  cell  remained  almost  unaltered  when  saturated 
zinc-sulphate  solution  was  employed  in  the  first  instance,  but 
was  lessened  when  unsaturated  solution  was  originally  used, 
owing  to  the  evaporation  and  concentration  which  went  on 
simultaneously  with  the  capillary  action,  or  subsequently  to 
the  commencement  thereof.  For  example,  two  cells  set  up 
with  zinc-€ulphate  solution  about  two  thirds  saturated  gave 
the  values  lOl'OT  and  100*92  during  the  first  few  weeks 


molecular  strength  (t.  e.  practically  of  the  same  specific  grayity ;  conve- 
niently  the  molecular  strength  may  be  near  to  MSO^,  60B^0)y  secondly, 
that  the  solutions  should  be  in  separate  vessels,  united  when  required  by 
an  inverted  U-tube^  the  mouths  of  which  are  covered  with  thin  bladder 
(Raoult's  form  of  cdl)  -,  thirdly,  that  the  plates  should  be  pure  zinc  amal- 
gamated with  pure  mercury,  and  copper  recently  electro-deposited  from 
pure  sulphate  solution — ^the  wires  serving  as  electrodes,  and  their  junctions 
with  the  plates  being  coated  with  gutta-percha,  so  that  no  part  of  the  plate 
or  wire  is  simultaneously  in  contact  with  both  fluid  and  atmosphere ;  and 
fourthly,  that,  if  used  to  generate  a  current,  the  currentHlensity  must  not 
exceed  some  5  microamperes  per  square  centimetre,  so  that  with  plates 
exposing  20  square  centimetres  the  total  resistance  in  circuit  must  be  at 
least  10,000  ohms,  if  exposing  10  square  centimetres  20,000  ohms,  and 
80  on. 
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after  constraction  ;  cracks  then  formed^  and  efflorescence  and 
evaporation  took  place,  so  that  the  zincs  became  partially 
bared,  during  which  time  the  electromotive  forces  gradually 
sank.  After  some  months  the  paste  became  covered  with  crys- 
tals of  zinc  sulphate,  indicating  that  the  residual  solution 
moistening  the  mercurous  sulphate  was  saturated:  the  elec- 
tromotive forces  were  then  100'13  and  99'73  respectively, 
which  values  were  subsequently  retained  ahnost  constant  for 
several  months  longer,  notwithstanding  that  a  considerable 
portion  of  each  zinc  rod  was  out  of  the  paste  and  exposed 
to  the  air. 

A  number  of  observations  made  with  cells  containing  zinc 
rods  partly  immersed  in  the  paste  and  partly  exposed  to  the 
air,  gave  sensibly  the  same  average  result  as  another  series  of 
observations  made  with  the  same  cells  when  the  zinc  rods  were 
pushed  down  so  as  to  be  wholly  immersed  (the  upper  end  and 
the  wire  serving  as  electrode  being  protected  from  contact 
with  the  paste  by  gutta-percha). 

It  is  specially  to  be  noticed,  in  connexion  with  the  question 
of  the  permanence  of  Clark's  cells,  that  the  cells  experimented 
with  were  only  used  in  connexion  with  the  quadrant-electro- 
meter; so  that  from  first  to  last  they  never  generated  any  con- 
tinuous current,  nor  had  any  current  (Juywever  small)  sent 
through  in  the  inverse  direction — conditions  impossible  com- 
pletely to  realize  in  practice  when  working  by  the  "  method 
of  opposition  "  or  with  the  potentiometer. 

Effect  of  Temperature  on  the  E.M.F.  of  Clark's  Cell. 

139.  According  to  Clark  (Proc.  Roy.  Soc.  xx.  p.  444),  the 
E.M.F.  of  a  hot-prepared  mercurous  zinc-sulphate  cell  dimi- 
nishes at  an  approximately  constant  rate  of  0*06  per  cent,  per 
degree  rise  in  temperature  between  15^*5  and  100^ ;  he  states, 
however,  that  this  figure  might  be  verified  with  advantage. 
A  number  of  observations  having  indicated,  as  a  preliminary 
result,  that  this  value  is  considerably  too  high  between  the 
temperature-range  (10°  to  25°)  most  frequently  obtaining  in 
practice,  and  that  fairly  constant  results  are  given  with  dif- 
ferent cells,  the  following  experiments  were  made  in  order  to 
determine  more  exactly  the  mean  coefficient  of  alteration  per 
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degree  between  these  temperatore-limits^  with  the  result  of 
showing  that;  instead  of  Clark's  number  (0*0006)  being  de- 
dnced;  a  value  but  little  above  two  thirds  of  this  figure  was 
obtained,  viz.  '000411,  as  the  average  of  ten  experunents  with 
five  cells. 

Let  the  E.M.F.  of  a  given  cell,  taken  temporarily  as  a 
standard,  be  1  at  temperature  ^i  (near  to  15°),  and  let  the 
E.M.F.  of  a  second  cell  compared  therewith  be  oi  when  the 
cell  compared  is  at  a  temperature  ^,  the  standard  being  still 
at  ^1.  In  another  experiment,  when  the  standard  is  at  a  tem- 
perature <8  not  far  from  ^i,  let  the  E.M.F.  of  the  second  cell 
be  Oj,  this  cell  being  at  the  temperature  t^.  Now  let  x  be  the 
mean  coefficient  of  variation  for  1°  between  t^  and  t^  for  the 
second  cell,  whilst  a/  is  the  analogous  coefficient  between  ti 
and  ^3  for  the  temporary  standard.  Then,  since  the  E.M.F.  of 
the  standard  at  ti  is  unity,  its  E.M.F.  at  t^  is  1— (^s^^i)^^ 
whence  the  E.M.F,  of  the  second  cell  at  f^  is  o^  { 1  —  (^3 — ^1)^'  }• . 
The  E.M.F.  of  this  second  cell  at  ^4,  however,  is  also 

so  that 

«i{l-(^4-0^}=aa{l-(*a-*i)^}. 

Now,  from  Clark's  experiments  and  certain  preliminary  ob- 
servations made  by  ourselves,  it  results  that  a  is  approximately 
equal  to  a/;  whilst  if  the  temperatures  are  suitably  chosen  so 
that  the  mean  of  ti  and  ^3  is  sensibly  the  same  as  the  mean  of 
t^  and  ^4,  it  must  result  that  the  difference  between  x  and  a/ 
is  very  small ;  and,  finally,  if  ti  and  ^3  differ  but  little  in  com- 
parison with  the  difference  between  t^  and  ^4,  any  errors  in 
the  valuation  of  a/  will  be  but  small  relatively.  Hence,  taking 
a^a'y  it  results  that 


ai(*4—^,)— 03,(^3— ^1)' 


In  order,  then,  to  determine  a,  it  is  only  necessary  to  determine 
the  relative  readings  of  two  cells,  first  when   one  is  at  ^ 
and  the  other  at  t^  (say  at  15°  and  0°  respectively),  and 
secondly  when  the  first  is  at  tz  and  the  second  at  ti  (say  at 
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14°  and  30°  respectively),  the  temperatures  being  such  that 
ti  +  t^  approximately  equals  t^  +  U  (as  in  the  case  of  the  sup- 
posed numbers). 

To  carry  out  this  principle  two  water-jacketed  metal  cham- 
bers were  constructed,  furnished  with  delicate  thermometers 
reading  to  0°'01  C,  and  containing  respectively  the  sets  of 
cells  to  be  compared,  the  poles  of  the  cells  being  connected 
with  the  mercury-cup  arrangement  applied  to  the  electro- 
meter by  means  of  covered  wires  passing  through  narrow 
glass  tubes  fixed  in  the  double  lids  of  the  chambers,  so  that 
no  conducting  contact  between  the  wires  themselves  or 
between  the  wires  and  lids  Ac.  was  possible.  One  of  the 
water-jackets  was  filled  with  water  at  near  15°,  the  other 
with  water  either  at  or  near  0°  or  at  or  near  30°,  as  the 
case  might  be ;  the  masses  of  fluid  (agitated  from  time  to 
time  with  a  peculiar  stirrer)  were  so  large  that  the  tempera- 
ture of  the  chamber-spaces  varied  but  little  during  the  pro- 
gress of  the  series  of  readings  ultimately  made.  The  mean 
temperatures  indicated  by  the  thermometers  during  the  series 
were  taken  as  the  mean  temperatures  of  the  cells  (placed  in 
the  chambers  some  time  before  the  readings  were  commenced, 
so  as  to  attain  sensibly  the  temperatures  of  the  chamber-spaces). 
The  readings  were  carried  out  in  systematic  order;  so  ihat  the 
average  reading  for  each  cell  should  be  exactly  comparable 
with  that  of  any  other,  notwithstanding  any  possible  running- 
down  of  the  electrometer-scale  during  the  progress  of  the 
readings.  For  instance,  if  in  the  first  chamber  two  cells  (A 
and  B)  were  placed,  and  in  the  second  two 'others  (C  and  D), 
the  readings  were  alternately  taken  in  the  orders  A,  B,  C,  D 
and  D,  C,  B,  A,  or  C,  D,  A,  B  and  B,  A,  D,  C  ;  so  that  the 
average  reading  for  each  cell  was  identical  with  that  which 
would  have  been  observed  had  the  electrometer-scale  value 
been  absolutely  constant  throughout  at  its  mean  value  (the 
actual  variation  of  the  electrometer-scale  during  any  set  of 
readings  was  considerably  under  1  per  cent.). 

Thus,  for  instance,  the  following  numbers  were  obtained  in 
two  experiments,  in  each  of  which  the  same  two  cells  A  and  B 
were  placed  in  the  first  chamber,  and  the  same  two  (0  and  D) 
in  the  second: — 
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Ist  exporixEtsnt. 

.  16°-84 

.  l°-08 

.  9°-72 

.  26°-02 


Average  scale-reading  for  A  \ ,  cq.qa 
and  B  taken  together  at  «i  J  ^^'"'* 

Average  reading  for  0  at  tg 

Average  reading  for  A  and*) 
B  tucen  togemer  at  <t    .   J 

Average  reading  of  C  at  tt      15^*25 


161-00 
153-00 


Ol 


<h 


161 
159-94 
152-25 

163   ' 


=1-0066 


•9951 


2nd  experiment 

17°-04 

3°-30 

10®-98 

25°-12 


«= 


<h—<^ 


«i(*i-^)— «»08-'i) 


•000358 


-000386 


Mean  value  of  «  =  -000372. 


Similarly  the  values  -000439  and  -000428  (mean  =  -000434) 
were  obtained  for  x  in  the  case  of  ceU  D  simultaneously  ex- 
amined. The  following  Table  exhibits  in  brief  these  figures 
and  those  obtained  in  six  other  experiments  with  three  other 
different  cells: — 


1st  experiment. 

2nd  experiment. 

Mean. 

Ist  cell    . 

.     .     -000358 

•000386 

-000372 

2nd  „      . 

.     .     -000439 

-000428 

-000434 

3rd   „      . 

.     .     -000480 

-000481 

-000481 

4di   „      . 

.     .     -000436 

-000397 

-000417 

5th    „      . 

.     .    -000364 

•000336 

-000350 

General  i 

iverage    .    . 

.    -000411 

Hence^  finally^  it  results  that  the  E.M.F.  of  a  Clark's  cell 
set  up  with  saturated  zinc-sulphate  solution  is,  at  a  tempera- 
ture t  not  more  than  10^  or  12^  above  or  below  15°*5  C, 

l-457{l-(«-15°-5)x 0-00041}  volt; 

it  being  admitted  that  Clark's  valuation  is  exact^  viz.  1*457 
volt  at  15°-5. 
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On  the  Work  done  during  Electrolysis. 

140.  The  experiments  described  in  tibe  previous  portions  of 
these  researches  have  shown  that,  when  a  current  is  passed 
throngh  an  electroljiic  cell,  the  amount  of  energy  expended 
(positively  or  negatively)  during  the  passage  in  performing  a 
given  amount  of  chemical  work  (apart  from  that  transformed 
into  heat  in  consequence  of  the  resistance  proper  of  the  cell  in 
accordance  with  Joule's  law)  is  not  constant,  but  increases 
algebraically  with  the  current-density,  in  such  wise  that  when 
the  cell  is  an  ordinary  decomposing  cell  (e.  g.  a  voltameter) 
the  "  counter  electromotive  force "  of  the  cell  increases  in 
arithmetical  value  with  the  current-density,  whilst  when  the 
cells  is  an  electromotor  (i,  e.  such  a  cell  as  to  yield  a  negative 
counter  E.M.F.),  the  arithmetical  value  of  the  negative  counter 
E.M.F.  {i.  e.  the  direct  E.M.F.  of  the  cell)  decreases  with  the 
current-density.  The  extra  work  done  by  a  stronger  current 
as  compared  with  a  weaker  one  in  the  former  case,  and  the 
deficiency  of  work  corresponding  with  the  fall  in  direct  E.M.F. 
in  the  latter  case,  make  their  appearance  in  the  form  of  sen- 
sible heat  in  the  cell. 

Experiments  have  been  published  by  Favre  {yide  Part  I. 
§§14  and  15)  which  appear  to  show  that  certain  forms  of 
electromotor-cells  can  generate  currents  capable  of  doing  more 
work  externally  to  the  cell  than  corresponds  with  the  net  che- 
mical action  l^ing  place,  this  extra  work  being  gained  at 
the  expense  of  the  sensible  heat  of  the  cell,  which  becomes 
cooled  by  the  passage  of  a  current  of  too  small  magnitude  to 
generate,  in  accordance  with  Joule's  law,  sufficient  heat  in  the 
cell  to  overpower  this  cooling  action.  Inasmuch,  however,  as 
the  mercury-calorimeter  was  employed  in  these  experiments 
of  Favre,  whilst,  from  the  nature  of  the  case,  but  feeble  cur- 
rents passed,  so  that  the  total  amount  of  chemical  action  in  a 
given  time  could  be  but  small,  it  seems  not  unlikely  that  an 
excessively  large  probable  error  attends  the  numerical  values 
obtained.  In  point  of  fact,  one  of  the  cells  found  by  Favre 
to  behave  in  this  way  was  Grove's  cell;  and  his  results  in  this 
repect  are  totally  at  variance  with  all  other  experiments  on 
the  subject  (compare  H.  F.  Weber,  Phil.  Mag.  1878,  v.  p.  195), 
leaxling  to  the  conclusion  that  the  supposed  cooling  action  was 
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not  a  real  effect,  but  simply  the  result  of  the  accumulation  of 
experimental  errors.  In  <xd<ear  to  see  whether  this  was  also  ilie 
case  with  the  other  cells  examined  by  Fayre,  the  following 
experiments  were  made. 

These  other  cells  were  simple  voltaic  conples  of  zinc  and 
platinom  or  cadmium  and  platinum  immersed  in  dilute  hydro- 
chloric acid  ;  the  numbers  obtained  by  Favre  as  the  cooling 
effects  per  gramme  equivalent  of  metal  dissolved  were  respec- 
tively 1051  and  1288  gramme-degrees,  corresponding  with 
*046  and  *057  volt*.  On  the  other  hand,  with  dilute  sulphuric 
acid  in  lieu  of  hydrochloric,  Favre  found  that  no  cooling  action 
was  traceable,  but  that  the  cells  were  always  warmed  by  the 
passage  of  a  current.  Now  these  results,  if  correct,  must 
imply  that  the  E.M.F.  of  a  zinc-platinum  or  a  cadmium- 
platinum  cell,  when  generating  only  a  minute  current,  is  above 
the  value  corresponding  with  the  heat-development  due  to  the 
net  chemical  action  taking  place  when  hydrochloric-acid  solu- 
tion is  the  exciting  fluid,  and  below  that  value  when  dilute 
sulphuric  acid  is  used  instead;  t.  e,  the  electromotive  forces  of 
cells  containing  dilute  hydrochloric  acid  must  be  above  '754 
and  '388  volt  respectively  with  zinc-platinum  and  cadmium- 
platinum  couples,  and  ibe  electromotive  forces  of  cells  con- 
taining dilute  sulphuric  acid  must  bebolow  •835  and  '470  volt 
respectively  with  these  same  couples,  these  being  the  values 
in  E.M.F.  corresponding  respectively  with  the  heat-develop- 
ments per  gramme-equivalent  in  the  reactions 

Zn  +  2HC1  =  ZnCl,  +  H„ 
Cd  +  2HC1  =  CdCl,  +  H„ 
Zn  +  H8SO4  «  ZnS04  +  Hj, 
Cd  +  H,S04  =  CdS04  +  H8, 

these  heat-developments  being,  per  gramme-molecule,  as  fol- 
io wsf: — 

*  For  the  sake  of  comparison  ^witk  the  experiments  described  in  the 
previouB  portions  of  these  researches,  the  factor  4410  for  converting 
gramme-degrees  into  volts  is  adhered  to,  notwithstanding  that  the  balance 
of  evidence  now  seems  to  indicate  that  the  value  of  J  hitherto  assumed 
(42  megalergs)  is  somewhat  too  highland  that  the  B.A.  unit  of  resistance 
is  upwards  of  1  per  cent,  below  its  intended  value,  instead  of  being  exact 
as  hitherto  assumed. 

t  These  figures  are  deduced  from  Julius  Thomsen's  thermochemical 
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Zn^  Cls^  aq.     .     .     .     = 

Sj^  Gl^y  ^*  •        •        •         = 

Difference    .     . 

Diff.  per  gramme-equi- ") 

Talent     ....     J 

Corresponding  with  volt 

Zn,0,SOB,aq.     .     .    = 
H„0 =_ 

Difference    .     .         37890 

Diff.  per  gramme-eqai-\ 

valent    ....     J 

Corresponding  with  volt 


112840 

78640 

34200 

17100 
'754 

106090 
68200 


=96250 
=  78640 

17610 


18945 
•835 


Cd,  Clj,  aq.     .     . 

B-S9  ^S)  ^* 

Difference    .  

Diff.  per  gramme-eqni-  ">    gg^g 

valent    «...     J 
Corresponding  with  volt     '388 

Cd,0,  S08,aq,  *.     .    =89500 
H„0 =68200 

Difference    .     .       21300 

Diff.  per  gramme-equi-  )  j^gg^ 

valent    ....     / 
Corresponding  with  volt     '470 


141.  In  order  to  see  whether  the  electromotive  forces  actu- 
ally developed  by  these  four  voltaic  combinations  are  really 
above  the  calculated  values  in  the  first  two  cases  and  below  in 
the  second  two  instances^  when  the  disturbing  effects  of  dis- 
solved air  are  eliminated,  cells  were  set  up  like  those  described 
in  §  85,  and  caused  to  generate  feeble  currents  by  employing 
large  external  resistances.  In  all  cases  it  was  found  that  when 
the  errors  due  to  dissolved  air  were  eliminated  and  the  read- 
ings became  constant,  the  E.M.F.  actually  developed  invariably 
fell  short  of  tlie  value  ccyrresponding  with  the  net  chemical  action 
by  an  amount  which  increased  with  the  current-density  until 
the  reduction  became  a  large  fraction  of  the  E.M.F.  observed 
with  the  smallest  possible  densities.  With  hydrochloric-acid 
cells  the  deficiency  was  not  so  great  in  the  first  instance,  and 
the  rate  of  increase  in  deficiency  was  not  so  rapid,  as  with 
sulphuric-acid  cells.  Thus  the  following  four  experiments 
may  be  cited  as  illustrations  of  the  results  obtained  in  nume- 
rous cases : — 


data  and  the  mean  value  for  the  heat  of  foimation  of  water  arrived  at  in 
§  31.  Thomsen's  values  relate  to  the  degree  of  dilution  MCl^^  400  H^O^ 
and  MSO4,  400  H^  0.  Some  experiments  made  by  us  on  the  amounts  of 
heat  evolved  on  diluting  stronger  solutions  of  zinc  and  cadmium  chlorides 
and  sulphates  indicate  that  these  values  require  slight  corrections  for 
stronger  solutions  than  those  used  by  Thomsen ;  but  the  alterations  thus 
produced  in  the  net  heat-development  and  in  the  E.M.F.  corresponding 
thereto  is  but  small. 
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Hydrochloric  Acid  :  Zinc  and  Platinum. 

Cuirent-den- 

Obeerred 

Oaxrent^  in 
{mioroampdreB, 

Bity,  in  mioro- 
amperes,  per 
square  centi- 

diiferanoeB of 
potential  be- 
tween plates 

Value  of  OB. 

E.M.F.  of  cell, 
f=B+OB. 

metre. 

12-6 

1-6 

•638                 1 

•633 

234 

2-9 

•628 

•001 

-629 

65-1 

6-9 

•609 

•002 

•611 

102-4 

12-8 

•586 

•003 

•588 

224*5 

281 

•545 

•ocy; 

•552 

Calculated  B.M.R  

=  '754 

Hydrochloric  Acid  :  Cadmium  and  Platinum. 

6-6 

0^ 

•347 

•347 

11-0 

1-4 

•291                 -001 

•292 

14-8 

1-85 

■249                 -001 

•250 

83-7 

4-2 

•161 

•003 

•164 

643 

6-8 

•130 

•006 

•135 

97-8 

12-2 

•103 

•010 

•113 

Oaloolated  B.] 

ILF.  

=  ^388 

Sulphuric  Acid  :  Zinc  and  Platinum. 

12-6 

1-6 

•626 

•626 

28-4 

2-9 

•540 

•001 

•541 

551 

6-9 

•492 

•002 

•494 

102-4 

12-8 

•439 

•003 

•442 

224-6 

28*1 

•353 

•007 

•360 

OaloulatedE 

.M.F.  

..  =  -836 

Sulphuric  Acid  :  Cadmium  and  Platinum. 

6-5 

0-8 

•301 

•301 

no 

1-4 

•259 

•001 

•260 

14-8 

1-85 

•211 

•001 

•212 

33-7 

4-2 

•080 

O03 

•083 

54-3 

6-8 

•033 

•006 

•038 

87-8 

12-2 

•019 

OlO 

•029 

OalcnlatedE 

.M.F.  =  -470 

' 

in  each  of  these  experiments  the  plate-surface  was  con- 
stantly 8  square  centimetres  j  the  hydrochloric-acid  solution 
was  close  to  2HC1,  SOHjO  and  2HC1, 100H,O  in  the  first 
and  second  experiments  respectively,  and  the  sulphuric-acid 
H,SO4,50H,O  and  HaS04, 100  HjO  in  the  third  and  fourth 
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experiments  respectively.   The  zinc  plates  were  amalgamated, 
the  cadmium  ones  not. 

142.  The  experiments  described  in  Parts  IV.,  V.,  and  VI. 
indicate  that  the  amount  of  diminution  brought  about  in  the 
E.M.F.  of  an  electromotor  (either  a  simple  cell,  or  one  affcer 
Daniell's  construction)  by  an  increase  in  the  current-density 
may  readily  greatly  exceed  any  possible  effect  due  to  the  accu- 
mulation round  the  two  plates  of  fluids  of  widely  different 
molecular  strength,  and,  further,  that,  as  a  general  rule,  the 
effect  of  diminishing  the  area  of  the  plate  on  which  the  metal 
is  deposited  is  considerably  greater  than  that  of  a  similar 
diminution  in  the  area  of  the  other  plate,  although  this  is  not 
invariably  the  case.  It  is  hence  evident  that  the  chief  source  . 
of  nonadjuvancy  especially  lies  in  the  incomplete  manifesta- 
tion as  electriciiy  of  the  energy  due,  after  the  elimination  by 
the  action  of  the  current  of  the  deposited  metal  (or  body 
equivalent  thereto)  in  the  nascent  form,  to  the  subsequent 
transformation  thereof  into  the  permanent  form.  Clearly  the 
same  kind  of  thing  must  be  equally  true  for  the  other  products 
of  electrolysis  evolved  at  the  other  electrode.  Hence  the  reason 
why  a  less  amount  of  non-adjuvancy  is  brought  about  at  this 
side  is  presumably  the  greater  amount  of  attraction  exercised 
by  the  material  of  the  electrode  for  the  nascent  product  ("  sul- 
phion"  of  Daniell  in  the  case  of  cells  containing  sulphates)  here 
evolved,  owing  to  their  opposite  chemical  characters,  than  is 
observable  at  the  other  electrode.  Admitting  this  to  be  so,  it 
should  result  that  the  more  oxidizable  the  metal  dissolved  (t.  e. 
the  greater  the  heat  of  formation  of  the  compound  produced 
by  its  solution),  the  less  will  be  the  amount  of  nonadjuvancy 
due  to  the  incomplete  conversion  into  electricity  at  this  plate 
of  the  energy  due  to  transformation  of  nascent  into  final 
products.  The  results  of  the  experiments  hitherto  described, 
however,  being  complicated  by  the  formation  of  solutions  of 
different  strengths  around  the  two  plates,  are  not  su£Sciently 
precise  to  show  that,  under  given  conditions,  a  zinc  plate,  for 
example,  causes  less  nonadjuvancy  than  a  cadmium  one,  and 
so  on.  Accordingly  the  following  experiments  on  the  point 
were  made,  the  result  of  which  is  to  show  indisputably  that 
the  more  oxidizable  the  metal  the  less  the  nonadjuvancy. 
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An  electrolytic  cell  was  constructed^  consisting  of  a  wide 
glass  tube  closed  by  indiarrubber  bungs  through  which  passed 
wires  terminating  interiorly  in  the  plates  to  be  experimented 
with^  the  opposed  plate-surfaces  being  perpendicular  to  the 
axis  of  the  tube  and  therefore  parallel  to  one  another^  and  the 
anterior  portions  of  the  plates  and  the  wires  being  thickly 
coated  with  guttarpercha.  The  tube  was  then  filled,  for  in- 
stance^  with  concentrated  zinc-sulphate  solution^  with  plates 
of  zinc  at  an  accurately  known  distance  apart,  and  was  kept 
at  a  temperature  sensibly  uniform.  A  series  of  currents  of 
various  strengths  was  then  passed  through  the  cell,  and  the 
difierence  of  potential  subsisting  between  the  plates  deter- 
mined in  each  case.  These  values  represented  the  numerical 
values  of  ei  +  CB,  where  ei  is  the  counter  E.M.F.  set  up  during 
the  electrolysis,  C  the  current,  and  Bthe  resistance  of  the  cell; 
and  from  them  the  values  of  this  expression  for  definite  values 
of  C  (50,  100,  200  microamp&res,  &c.)  were  readily  calculated 
by  interpolation.  The  +  zinc  electrode  was  then  removed, 
and  a  copper  plate  exposing  exactly  the  same  area  placed  in 
precisely  the  same  position.  The  observations  were  then 
repeated,  the  temperature  being  the  same  as  before,  and  a 
new  series  of  values,  €2  +  CR,  calculated,  62  being  the  counter 
E.M.F.  now  set  up  for  a  given  value  of  C.  Since  B.  is  con- 
stant throughout,  it  is  evident  that  the  difl&rence  between  the 
two  values  for  a  given  current  obtained,  first  with  a  zinc,  and 
secondly  with  a  copper  +  electrode,  represents  ^j— ^j.  Now 
necessarily  both  ei  and  €2  increase  with  the  value  of  0  in 
accordance  with  the  general  law  to  that  efiect  deduced  from 
all  the  previous  observations  (§  133);  but  if  it  be  true  that  a 
less  production  of  heat  instead  of  electricity  is  brought  about 
when  nascent  sulphion  is  liberated  in  contact  with  zinc  than 
when  in  contact  with  copper,  ei  must  increase  less  rapidly  with 
the  current  than  ej,  and  hence  the  value  of  «2~^i  'niust  rise 
with  the  current-strenffth.  Precisely  this  result  was  observed 
in  every  case:  for  example,  the  following  numbers  were  ob- 
tained in  a  pair  of  sets  of  observations  carried  out  as  described, 
the  area  of  the  plates  being  0'50  square  centim.  throughout. 
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+  Zino  electFode. 

+  Copper  electrode. 

O.G.S. 

ourrent. 

Obseryed 
potential- 
difference. 

C.G.S. 
current. 

Obeeryed 
potential- 
aifference. 

•00000436 
•00000866 
•00001432 
•00002180 
•00004160 

•018 
•039 
•062 
•091 
•174 

00000466 
00000883 
00001460 
00002276 
00004460 

1-073 
1'069 
1-127 
1169 
1-261 

From  these  figures  the  following  are  obtained  by  interpola- 
tion:— 


Current. 

Potential-difference. 

-h  Zinc. 

+  Copper. 

e^^e,. 

•000006 
•00001 
•00002 
•00004 

•021 
•046 
•086 
•168 

1^076 
1101 
1147 
1^232 

1-064 
1-056 
1-062 
1^064 

Precisely  similar  results  were  obtained  in  numerous  other 
analogous  experiments.  Thus  the  following  Table  illustrates 
some  of  the  figures  obtained,  the  +  zinc  plate  originally 
employed  being  replaced  by  a  plate  of  the  same  size,  I.  of 
bright  copper,  II,  of  electro-copper,  III.  of  amalgamated 
copper,  IV.  of  bright  cadmium,  V.  of  bright  silver. 


C.G.S. 

ourrent. 

Values  of  e^^e^  obtained 

I. 

n. 

in. 

IV. 

V. 

•000006 
•00001 
•00002 
•00004 

1-063 
1^067 
1073 
1-076 

1^064 
1067 
1-061 
1068 

1^066 
1076 
1-084 
1099 

•316 
•324 

1-486 
1-498 
1603 
1-612 

143.  A  still  better  illustration  of  the  regular  rise  in  value 
of  ej— ^1  with  the  current  is  afforded  by  the  following  series  of 
numbers  obtained  as  the  average  results  of  several  sets  of 
observations  very  carefully  made — ^A  with  a  bright  zinc  + 
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electrode^  B  with  one  of  bright  cadmium,  C  with  one  of 
bright  copper,  and  D  with  one  of  bright  silver.  In  every  case 
the  mean  temperature  was  the  same  within  two  or  three  tenths 
of  a  degree  (varying  from  17°'55  to  17°*9  throughout).  In 
the  last  case  it  was  found  that,  whilst  perfectly  steady  readings 
could  be  obtained  with  current-strengths  up  to  something  like 
'0007,  with  higher  strengths  this  was  no  longer  the  case,  silver 
peroxide  being  apparently  formed  instead  of  silver  sulphate. 
In  these  experiments  all  the  plates  exposed  an  area  of  1*5 
square  centim.,  the  solution  electrolyzed  being  a  nearly  satu- 
rated one  of  pure  zinc  sulphate,  renewed  for  each  series ;  the 
plates  were  about  5  centim.  apart,  the  tube  holding  them  being 
3  centim.  in  internal  diameter. 


O.G.S. 
Gorrent. 

Difference  of  potential  set  up. 

A. 

B 

0. 

D. 

•00002 

•00005 

•0001 

•0002 

•0006 

•001 

•0016 

•002 

•0026 

•029 
•044 
•063 
084 
•146 
•230 
•311 
•389 
•476 

•317 
•334 
•354 
•381 
•451 
•547 
•636 
•730 
•830 

1-069 
1-086 
M07 
1139 
1-210 
1-310 
1-403 
1-498 
1-598 

1-490 
1-509 
1-530 
1-662 
1-636 

These  figures  yield  the  following  six  sets  of  values  of  ^— Ci 
for  the  corresponding  pairs  of  +  electrodes  compared. 


Ouirent 

Zino- 

Zinc- 
oopper. 

Zinc- 
silTer. 

Oadmiiim-|Cadmium- 
copper.        rilrer. 

ter 

-00002 

•288 

1-040 

1-461 

-752 

1173 

•421 

•00005 

•290 

1-042 

1-466 

•762 

1-175 

-423 

•0001 

-291 

1-044 

1-467 

•753 

1176 

•423 

•0002 

•297 

1-055 

1-478 

•768 

M81 

•423 

•0005 

•306 

1064 

1490 

•769 

1185 

•426 

•001 

•317 

1080 

.:.... 

•763 

•0015 

-326 

1-092 

•767 

•002 

-341 

1109 

-768 

•0026 

•354 

1-122 

•768 

Not  only  does  the  value  of  e^-^ei  increase  with  the  current- 
density  in  every  case,  but,  further,  the  rate  of  increase  is 
greater  when  zinc  is  compared  with  silver  than  with  copper, 
and  greater  then  than  when  compared  with  cadmium  ;  simi- 
larly the  rate  of  increase  with  cadmium  and  silver  is  greater 
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than  with  copper  and  silver,  and  so  on.  It  is  farther  notice- 
able that  in  each  case  a  value  of  e^—ei  with  some  particular 
current-strength  is  deducible  which  is  sensibly  the  same  as 
the  E.M.F.  of  a  cell  aftier  Darnell's  construction  containing 
the  same  metals  and  sulphate  solutions  of  equal  molecular 
strength  ;  so  that  in  general  it  may  be  said  that^  for  a  current- 
densiiy  below  a  particular  limit,  the  value  of  e^-^eiia  less  than 
that  of  the  corresponding  Daniell  form  of  cell,  whilst  for  a 
current-density  above  this  limit  it  is  greater. 

144.  The  following  experiment  seems  to  show  that  the  sub- 
stitution of  dilute  sulphuric  acid  for  zinc-sulphate  solution  as 
the  electrolyte  makes  no  material  difference  in  the  end  result, 
the  —  electrode  being  made  of  platinum,  and  the  disturbing  in- 
fluence of  dissolved  air  being  eliminated.  Two  precisely  similar 
U-tube  cells  (§  85)  were  filled  with  recently  boiled  dUute  sul- 
phuric acid  (11*5  grammes  H^  SO4  per  100  cubic  centim.),  and 
fitted  with  uniformly  sized  plates  (8  square  centim.  total  surface 
in  each  case)  at  an  equal  distance  asunder,  so  that  the  resistance 
of  the  cell  should  be  sensibly  the  same  in  each  case.  In  the 
first  cell  the  plates  were  of  zinc  (amalgamated)  and  platinum, 
and  in  the  second  of  copper  and  platinum  respectively;  the 
two  were  arranged  in  series  with  a  couple  of  Leclanch^  cells, 
so  that  the  platinum  plates  were  necessarily  the  —  electrodes; 
a  large  variable  resistance  being  included  in  the  circuit,  the 
current  could  be  regulated  at  pleasure.  A  current  of  some 
fifty  microamperes  being  sent  through  for  three  days,  the 
readings  became  steady  when  all  the  dissolved  air  around  the 
platinum  plates  was  eliminated;  the  current  was  then  varied 
from  time  to  time,  and  a  series  of  readings  of  the  potential- 
difference  between  each  pair  of  plates  taken.  By  interpola- 
tion as  before,  the  following  figures  were  then  deduced  from 
the  average  values. 


Current  in 
micro- 
amperes. 

Micro- 
amperes per 
square 
centim. 

Difference  of  potential. 

fa-^i. 

-fzinc. 

-h  copper. 

20 
40 
80 

25 
10-0 

-•652 
-•558 
-•498 

+•449 

+•448 
+•521 

+1^001 
+1-006 
+1019 
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The  yalne  of  e^— ei  consequently  increases  with  the  current- 
density  as  before.  The  numerical  yalnes  observed  in  this  expe- 
riment are  somewhat  lower  than  those  found  in  the  experi- 
ments above  described^  as  might  be  expected,  since  the  largest 
curreni-density  employed  in  this  case,  being  only  10  micro- 
amperes per  square  centim.,  is  considerably  below  the  smallest 
cited  in  the  previous  observations,  in  the  last  of  which  a  mini- 
mum current  of  '00002  O.G.S.  units  (or  200  microamperes) 
was  employed  with  plate-surfaces  of  1*5  square  centim.,  giving 
a  density  of  133*3  microamperes  per  square  centim.,  in  which 
case  the  value  of  e^—ei  was  1*040;  whilst  in  the  former  expe- 
riments a  minimum  current  of  '000005  C.G-.S.  unit  (50  micro- 
amperes) was  employed  with  a  plate-surface  of  '50  square 
centim.,  giving  a  density  of  100  microamperes  per  square 
centim.,  when  values  of  from  1*054  to  1'065  were  observed. 

145.  Some  experiments  were  also  made  with  analogous 
pairs  of  cells  in  which  the  +  electrodes  were  made  of  metals 
not  attacked  by  the  nascent  products  arising  from  the  electro- 
lysis of  sulphates,  e.  g,  gold  and  platinum.  In  these  instances 
it  was  found  that  platinum  behaved  in  reference  to  gold  just 
as  a  more  readily  to  a  less  readily  oxidizable  metal,  this  result 
being  evidently  brought  about  by  the  superior  surface  con- 
densing-power  possessed  by  platinum,  in  virtue  of  which  a 
greater  proportion  of  the  energy  due  to  the  transformation 
of  the  nascent  into  the  final  products  of  electrolysis  evolved 
at  the  +  electrode  becomes  adjuvant.  For  instance,  the  fol- 
lowing numbers  were  obtained  with  a  pair  of  precisely  similar 
cells  containing  the  same  copper-sulphate  solution  and  copper 
—  electrodes. 


Oanrent'- 
density,  mi- 
croamperes 

per  square 
centimetre. 

DiflTerence  of  potential 
between  plates. 

Difference. 

+ Platinum. 

+aold. 

3-0 

7-0 

11-0 

1-500 
1-534 
1-670 

1-555 
1-591 
1-630 

•065 
•067 
•060 

Even  with  the  lowest  current-density  and  with  platinum  as 
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+  electrode  the  total  amount  of  nonadjuvancy  was  here  con- 
siderable ;  for  the  E.M.F.  corresponding  with  the  net  che- 
mical action  is  only  1-234  volt  (i[Cu,0,S08aq]  =27,980 
gramme-degrees  =  1'234  volt);  and  the  minimum  difference  of 
potential  set  up,  after  correction  for  the  resistance  of  the  cell 
(t.  €.  the  counter  E.M,F.  set  up,  or  the  value  of  the  term  e  in 
the  expression  E=^  +  CB),  exceeds  1*490,  since  the  term  OR 
in  this  case  was  much  less  than  '010  volt. 

In  just  the  same  kind  of  way,  when  platinum  and  gold  were 
respectively  made  the  —  electrodes  in  similar  pairs  of  cells 
containing  dilute  sulphuric  acid  and  a  constant  oxidizable  + 
electrode,  the  superior  surface  condensing-power  possessed  by 
platinum  caused  a  less  degree  of  nonadjuvancy  during  the 
transformation  of  nascent  into  free  hydrogen.  Thus,  for 
example,  the  following  numbers  were  obtained  with  a  copper 
+  electrode  and  acid  containing  10  per  cent,  of  Hj  SO4. 


Current- 

denBity.micro- 

amp^res  per 

square 
centimetre. 

Difference  of  potential 
between  plates. 

Difference. 

—Platinum. 

-GK)ld. 

2-5 

50 

100 

•449 

•488 
•521 

•675 
•619 
•661 

•126 
•131 
•140 

Here  again,  even  in  the  most  favourable  instance,  with  the 
smallest  current-density  and  platinum  as  —  electrode,  a  oon- 
derable  amount  of  nonadjuvancy  subsisted ;  for  the  value  of 
CR  in  this  case  was  not  greater  than  '001;  so  that  the  mini- 
mum counter  E.M.F.  set  up  was  at  least  '448  volt,  whilst  the 
E.M.F.  corresponding  to  the  net  chemical  action  is  only  '270 
volt,  the  heat-development  being  per  gramme  equivalent 

^(Ha,  0)     .     .     =   34100  gramme-degrees. 
i(Cu,  0,  SO3  aq)  =  27980        „  „ 

6120        „  „      =-270  volt 

It  is  hence  evident,  hfortioriy  that  when  acidulated  water  is 
decomposed  with  two  gold  electrodes,  the  counter  E.M.F.  set 
up  must  be  much  greater  for  a  given  current-densiiy  than 
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when  two  platinum  electrodes  are  used,  the  deficiency  in 
condensing-power  being  then  manifest  at  both  electrodes  simul- 
taneously. The  experiments  described  in  Part  IV.  §  90  have 
shown  that  this  is  the  case. 

146.  In  addition  to  the  experiments  above  described  as 
examples^  a  large  number  of  analogous  observations  have  been 
made  with  varying  kinds  of  electrolytic  solutions  and  elec- 
trodes, and  with  varying  strengths  of  solutions.  The  general 
results  of  these  experiments,  so  far  as  at  present  completed, 
may  be  thus  summarized. 

(1)  When  an  electrolytic  cell  is  of  such  a  nature  that  the 
counter  E.M.F.  set  up  is  negative  (u  e.  when  the  cell  is  an 
electromotor),  it  is  always  found  that  the  E.M.F.  developed  is 
less  t/ie  greater  the  density  of  the  current  generated.  With  very 
small  current-densities  the  E.M.F.  has  a  maximum  value 
which  in  certain  cases  {e.  g.  Daniell's  cell  and  the  analogous 
zinc-cadmium  and  cadmium-copper  cells  described  in  Part  VI.) 
is  substantially  identical  with  the  E.M.F.  corresponding  with 
the  heat-development  due  to  the  net  chemical  action  taking 
place  in  the  cell,  z.  e.  with  the  E.M.F.  representing  the  alge- 
braic sum  of  the  chemical  affinities  involved.  In  certain 
other  cases  {e.  g.  the  zinc- silver,  cadmium-silver,  and  copper- 
silver  cells  described  in  Part  VI.)  the  maximum  E.M.F.  de- 
veloped is  sensibly  behw  that  due  to  the  net  chemical  action. 

(2)  Some  kinds  of  combinations  have  been  found  to  be 
capable  of  existing  which  can  develop  a  greater  E.M.F.  than 
that  due  to  the  net  chemical  action  (although  the  particular 
cells  described  by  Favre  as  possessing  this  property  are  not 
really  cases  in  point,  Favre's  results  being  due  to  experi- 
mental errors);  amongst  such  combinations  may  be  mentioned 
several  where  lead  is  the  metal  dissolved,  i.  e.  lead-copper  cells 
charged  with  solutions  of  acetates.  It  is  noticeable  that  in 
such  cases  Volta's  law  of  summation  holds,  the  sum  of  the 
electromotive  forces  of  two  cells,  one  containing  zinc  and  lead 
and  the  other  lead  and  copper,  being  equal  to  the  E.M.F.  of  a 
zinc-copper  cell,  the  E.M.F.  of  the  first  cell  being  just  as  much 
below  the  amount  calculated  from  the  heat-development  as 
that  of  the  second  is  above  the  amount  similarly  calculated. 
This  class  of  cells  is  now  undergoing  careful  examination, 
and  will  be  dealt  with  in  a  subsequent  paper.    Unfortunately, 
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progress  in  this  direction  during  the  last  fifteen  months  has 
been  greatly  retarded  by  the  refusal  of  the  Administrators  of 
the  Government  Fund  of  £4000  to  continue  the  grants  by  the 
aid  of  which  the  previous  portions  of  these  researches  have 
mainly  been  made,  on  account  of  which  circumstance  nume- 
rous other  points  of  interest  that  have  cropped  up  have  neces- 
sarily remained  uninvestigated  *. 

(3)  When  the  electrolytic  cell  is  not  an  electromotor,  the 
counter  E.M.F.  set  up  (positive)  always  increases  in  amount 
with  tlie  current-density.  When  the  +  electrode  is  of  such  a 
nature  as  to  combine  with  the  products  of  electrolysis  evolved 
thereat,  other  things  being  the  same,  the  rate  of  increase  is  slower 
the  greater  the  chemical  affinity  between  the  nascent  products 
of  electrolysis  evolved  at  the  +  electrode  and  the  material  of 
which  that  electrode  is  composed;  t.  e.  the  greater  the  affinity, 
the  less  the  degree  of  nonadjuvancy  brought  about  at  the  + 
electrode. 

(4)  Whether  the  cell  be  an  electromotor  or  not,  there  is 
always  (with  currents  not  so  small  as  to  be  practically  infini- 
tesimal) a  greater  or  less  degree  of  nonadjuvancy  brought 
about  at  the  —  electrode,  owing  to  the  development  of  heat  in 
lieu  of  electricity  during  the  transformation  of  nascent  into 
ultimate  permanent  products  of  electrolysis.  In  many  cases 
this  source  of  nonadjuvancy  decidedly  predominates  over  that 
at  the  +  electrode. 

(5)  The  particular  extent  to  which  the  nonadjuvancy  reaches 
at  either  electrode  appears  to  be  a  complex  function  not  only 
of  the  chemical  nature  of  the  electrode,  the  physical  conditions 
of  its  surface,  and  the  character  of  the  nascent  products  of 
electrolysis  evolved  thereat,  but  also  of  the  temperature,  and 
the  degree  of  concentration  of  the  solution  electrolyzed,  and 
possibly  of  other  conditions  besides.  Other  things  being 
equal,  it  appears  to  be  a  general  rule  that  the  weaker  the  solu- 
tion^ the  greater  the  degree  of  nonadjuvancy.     When  a  gas  is 

*  Since  the  presentation  to  the  Physical  Society  of  Part  VI.  of  these 
researches,  a  paper  has  appeared  by  F.  Braun  (Annalen  dor  Thys,  ti.  Oiem, 
zvi.  p.  661),  in  which  the  author  shows  that  various  combinations  exa- 
mined by  him  giTe  electromotive  forces  sensibly  the  same  as  those  calcu- 
lated from  thermochemical  data,  whilst  others  ficdl  short  of,  and  some 
exceed,  the  calculated  values. 
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one  of  the  permanent  products  of  electrolysis  at  either  elec- 
trode, the  greater  tJie  surface  condensing-power  of  the  material 
of  which  the  electrode  is  composed,  the  less  is  tJte  degree  of  non- 
adjuvancy. 


XXXI.    On  a  Phenomenon  of  Molecular  Radiation  in  Incan- 
descence Lamps,    By  J.  A.  Fleming,  B.A.,  D.Sc* 

Not  long  ago  a  cnrious  phenomenon  came  under  my  notice 
in  connexion  with  the  burning  of  Edison  incandescence  lamps, 
which  presents  sufficient  interest  to  warrant  my  drawing  the 
attention  of  physicists  to  it. 

As  is  well  known,  the  carbon  filament  in  the  Edison  lamp 
is  of  a  horse-shoe  form.     The  two  extremities  of  the  loop  are 


clamped  into  small  copper  clamps  on  the  ends  of  the  platinum 
wires,  which  are  sealed  through  the  glass.  The  ends  of  the 
carbon  loop  are  electroplated  over  with  copper  at  the  place 
where  they  are  connected  to  the  clamp  in  order  to  make  a 
good  contact.     If  this  precaution  is  omitted,  a  loose  contact 


♦  Read  May  26, 1883. 


z2 


Digiti 


zed  by  Google 


284       ON  MOLECULAR  RADLA.TION  IN  INOANDBSCKNCB  LAMPS. 

may  be  formed,  the  result  of  which  will  be  a  generation  of 
heat  at  that  point. 

In  the  ordinary  working  the  life-history  of  a  carbon  fila- 
ment is  something  as  follows: — 

At  some  point  or  other  the  filament  is  probably  thinner 
than  at  other  places.  At  this  place  there  will  be  a  greater 
generation  of  heat  and  a  higher  temperature;  volatilization  of 
the  carbon  ensues,  and  the  vapour  condenses  on  the  sides  of 
the  glass  bulb,  as  far  as  I  have  observed,  uniformly.  If,  how- 
ever, the  point  of  greatest  resistance  occurs  on  the  copper 
clamp,  then  it  is  found  that  copper  volatilizes  and  deposits  on 
the  inside  of  the  glass. 

But  what  is  most  curious  is,  that  in  this  case  an  examina- 
tion of  the  glass  envelope  shows  that  there  is  a  narrow  line 
along  which  no  copper  has  been  deposited.  This  is  seen  best 
by  holding  the  lamp  up  before  the  light  and  slowly  turning  it 
round.  In  one  particular  position,  easily  found,  it  is  best 
seen.  Now,  on  examining  carefully  the  position  of  the  line 
of  no  deposit  as  compared  with  the  position  of  the  carbon  fila- 
ment, it  will  be  seen  that  it  lies  in  the  plane  of  the  loop,  and 
on  the  opposite  side  to  that  nearest  to  which  the  break  of  the 
loop  has  occurred.     It  is  in  fact  a  shadow  of  tlie  loop. 

The  conclusion  which  must  be  arrived  at,  then,  is  that  the 
copper  molecules  are  shot  off  in  straight  lines;  otherwise  it  is 
impossible  that  there  should  be  this  line  of  no  deposit. 

The  most  noticeable  thing  is,  that  it  occurs  only  when  the 
deposition  of  copper  takes  place;  I  have  never  noticed  it  in 
an  ordinary  carbon  deposit. 

Hence  there  must  be  some  essential  difference  between  the 
vaporization  of  the  carbon  and  that  of  the  copper.  The  car- 
bon deposit  resembles  more  the  condensation  of  a  vapour  and 
is  uniformly  distributed  ;  but  the  copper  deposit  exhibits  the 
character  of  a  molecular  radiation  or  shower  taking  place  from 
a  certain  point. 

The  whole  phenomenon  calls  at  once  to  mind  the  beautiful 
researches  of  Mr.  Crookes  vn\h  vacuum-tubes.  Here,  how- 
ever, we  are  dealing  not  with  an  induction-coil  discharge,  but 
with  a  comparatively  low  potential. 

I  have  never  failed  to  see  the  effect  in  any  lamp  which  has 
had  a  deposition  of  copper  on  its  interior. 
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It  is  interesting  to  note  how  nearly  the  colour  of  transpa- 
rent copper  resembles  that  of  transparent  gold.  The  simi- 
larify  of  the  snrface-colour  of  pure  unoxidized  copper  and  of 
gold  is  accompanied  by  a  near  resemblance  in  colour  of  the 
two  metals  in  thin  films. 


XXXII.  An  Illustration  of  tJie  Crossing  ofJRays. 

By  Walter  Baily*. 

[PUte  xn.] 

When  rays  of  light  are  passing  through  a  point,  the  result- 
ant motion  of  the  aether  is  in  general  far  too  complicated 
to  be  conceived  ;  but  if  the  light  is  homogeneous,  it  can 
readily  be  shown  that  the  motion  at  each  point  is  simply 
harmonic  motion  in  an  ellipse ;  so  that  in  that  case  the 
complication  consists  only  of  the  change  in  this  ellipse  in  pass- 
ing  from  one  point  to  another.  Hence  a  model  might  be  con- 
structed to  represent  the  crossing  of  homogeneous  rays  by 
placing  a  number  of  ellipses  to  represent  the  motion  at  a 
number  of  separate  points,  through  which  the  light  might  be 
supposed  to  be  passing.  If  we  further  simplify  the  case  by 
considering  only  rays  parallel  to  one  plane,  and  suppose  them 
to  be  plane-polarized  so  that  the  vibrations  are  parallel  to  the 
same  plane,  the  whole  motion  will  be  parallel  to  that  plane, 
and  might  be  represented  by  means  of  diagrams. 

The  case  worked  out  in  this  paper  is  that  of  three  rays  of 
equal  intensity  parallel  to  one  plane,  plane-polarized  so  that 
the  vibrations  are  parallel  to  that  plane^  and  meeting  one 
another  at  equal  angles. 

Take  any  point  0,  and  let  P^  0  P,  Q'  0  Q,  E'  0  R  be  the  rays 
through  0.  Take  any  other  point  T  in  the  same  plane;  draw 
T  X,  T  Y  perpendicular  and  parallel  respectively  toP^OP. 
Let  p^  q,  r  be  the  distances  from  0  of  the  feet  of  the  perpen- 
diculars drawn  from  T  on  P'  0  P,  Q'  0  Q,  R'  0  R  respectively; 
these  distances  being  considered  positive  if  drawn  towards 
P,  Q,  R,  and  negative  if  drawn  towards  P',  Q',  R'.  Then  it 
may  be  shown  that 

p^q  +  r=0 (1) 

*  Head  May  26, 1883. 
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Tbe  position  of  T  may  be  defined  bj  any  two  of  these  quan- 
tities.  Tbe  equations  p  sr.  const.^  q = const.;  r  s  const;  are  equa- 


tions to  straight  lines  perpendicular  to  P^O  P,  Q^O  Q,  R'O  R 
respectively;  and  the  equations  ^r— r=const,  r— psaconst., 
p— jrssconst.  are  equations  to  lines  parallel  to  P'OP,  Q'OQ, 
R^  0  R  respectively.  When  the  constant  is  zero^  the  lines  pass 
through  0. 

If  we  take  any  point  in  Q'Q  and  move  perpendicularly  to 
Q^Q  from  this  point,  we  can,  without  altering  the  phase  of 
the  vibration  of  the  ray  Q,  reach  a  point  at  which  the 
phase  of  the  vibration  of  the  ray  R  is  the  same.  If  we 
now  move  from  this  latter  point  in  a  direction  parallel  to 
P'  P^  we  shall  keep  the  phases  of  Q,  R  equal  to  one  another, 
and  we  can  reach  a  point  at  which  the  phase  of  the  ray  P  is 
equal  to  either  of  them.  Take  this  point  as  the  origin,  and  let 
the  phases  be  lero  at  the  initial  time.  Then  at  a  time  t  the 
displacements  due  to  the  three  rays  at  the  point  T  will  be 
B\n2ir(t^p)y  8in2ir(<— y),  sin27r(<  — r),  the  wave-length 
being  taken  as  the  unit  of  length,  and  the  period  as  the  unit 
of  time. 

Let  X  be  the  amount  of  displacement  along  TX  and  y  that 
along  TT,  at  the  time  t.    Then 
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J?=  8in|Bm  2ir{t^p)  +  8in(|  +  ^)  sin  27r(<-g) 

+  «n  (f  -  x)^^°  27r{t-r), 
ya:  cos^sin  27r(<— ;?)  +  cos^|^  +  x)®^^  27r(<— j) 

+  coflf  ^  —  -^jsin  27r(<— r). 
By  means  of  (1)  these  equations  may  be  written 

«=  sin  2w(<— jt>)— cos  IT (j  —  r)  sin  2ir  ^<  +  ^  V     .     (2) 

y=^/3sin9^(g-r)cos27r^<+|) (3) 

In  general  the  calculation  of  the  phase  and  the  ellipse  would 
be  laborious;  but  it  may  be  readily  effected  along  lines  parallel 

to  P'OP,  Q'OQ,  R'OR  at  distances  -^  from  one  another  as 

follows  : — ^We  have  as  equation  to  such  lines  parallel  to  P'OP, 
g— r=n,  where  n  is  an  integer.     Hence 

y=o, (4) 

a:=  sin  27r  (*— p)  —  sin  27r  U  +  ^j  cos  nw. 

If  n  is  even, 

a=  -  \/2-2  cos  37Ty .  cos  2ir^<-|\     .     .     (5) 

If  n  is  odd,  

«=-v/2  +  2co8  37r/?.sin2irA-|\     ...     (6) 

Equation  (4)  shows  that  along  these  lines  the  vibrations  are 
rectilinear,  and  perpendicular  to  direction  of  the  ray. 

Putting  i>=  ^^,  wi  being  an  integer,  we  see  from  (5)  and 

(6)  that  there  are  points  of  no  motion  when  m  and  n  are  both 
even  or  both  odd.  These  conditions  will  be  satisfied  ifp^  q^ 
and  r  are  multiples  of  ^.  In  order  to  satisfy  (1),  one  of  the 
quantities  must  be  an  even  multiple,  and  the  other  two  must 
be  both  even  or  both  odd. 

We  may  obtain  similar  equations  in  relation  to  Q'OQ  and 
R'OB;  and  the  points  of  no  motion  will  be  the  same  as  those 
already  obtained.     If  we  draw  the  three  sets  of  lines  above 
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considered,  we  shall  form  a  series  of  triangles  whose  sides  are 
parallel  to  the  rays,  each  side  being  equal  to  §.  These  tri- 
angles will  have  the  properties,  that  their  angles  will  be  nodes, 
and  that  the  vibrations  along  their  sides  will  be  perpendicular 
to  the  sides,  the  displacement  being  given  by  equations  (5) 
and  (6)  and  the  corresponding  equations  for  the  rays  Q  and  R. 
The  form  of  these  triangles  under  displacement,  when  <s=0, 
is  shown  in  PI.  XII.  fig.  1. 

The  motion  may  be  also  readily  obtained  along  lines  per- 
pendicular to  the  direction  of  the  rays,  at  distances  J  from 
each  other,  one  of  each  set  passing  through  the  origin,  p  must 
be  a  multiple  of  J;  and  there  are  six  different  forms  of  equa- 
tions (2)  and  (3)  for  six  consecutive  values  of  jt?,  which  are 
given  in  the  following  Table  {n  being  an  integer): — 


p. 

X. 

y- 

2n  +  l 

(1+ A)  sin  iirt 

-Bcos27r« 

2n  +  % 

(l-A)sin27r(f  +  4) 

+  Bcos2ir(<+^) 

2n+i 

(l+A)8in27r(«-i) 

-Bcos27r(«-^) 

2n 

(1-A)sin27r< 

+  Bcos27rt 

2«-i 

(1+A)8in27r(<  +  J) 

—  Bcos27r(e  +  J) 

2n-| 

(1-A)sin27r(<-J) 

+  Bco8  27r(«-J) 

where         A  =  cos  7r{q — r),     B  =  v'S  sin  ir{q — r). 

These  lines  intersect  the  triangles  (fig.  1)  at  their  angles,  and 
also  at  the  bisection  of  their  sides.  At  these  points  the  mo- 
tion has  been  already  determined.  The  motion  is  circular  if 
p  is  an  even  multiple  of  J,  at  the  points  for  which  1— A=  +  B 
— ^that  is,  where  q—r=2m±  f  (m  being  an  integer);  and  if 
p  is  an  odd  multiple  of  J,  at  the  points  for  which  1  +  A=  +  B 
—that  is,  where  j— r=s2?/i  + J. 

These  conditions  are  satisfied  at  the  middle  points  of  the 
triangles.  In  fig.  2  are  shown  the  nodes  and  the  circular 
points,  the  arrows  indicating  the  phase  when  t=0.  It  will  be 
noticed  that  at  adjacent  circular  points  the  motion  is  in  oppo- 
site directions. 
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It  would  be  possible  to  constract  a  piece  of  apparatas  to 
exhibit  the  motion  approximately.  A  piece  of  elastic  mem- 
brane^ sufficiently  stretched  in  all  directions^  should  be  fastened 
at  a  set  of  points  corresponding  to  the  points  of  rest^  and  the 
middle  points  of  the  triangles  should  then  be  displaced  accord- 
ing to  the  phase  (see  fig.  2),  and  carried  round  their  original 
positions  in  circles  of  equal  size  and  period,  the  adjacent  mo- 
tions being  in  opposite  directions — an  arrangement  which 
might  easily  be  effected  by  a  series  of  cogged  wheels.  We 
should  then  have  a  number  of  points  fixed,  and  the  correct 
motion  given  at  other  points  where  the  motion  is  greatest. 
The  motion  of  the  rest  of  the  membrane  except  near  the  edges 
would  then  be  approximately  correct. 

In  fig.  3  is  given  an  enlarged  view  of  one  of  the  triangles, 
showing  some  of  the  points  where  the  motion  is  elliptic,  and 
the  displacement  of  the  lines  through  the  nodes  parallel  and 
perpendicular  to  the  rays. 


XXXIII.  Improved  Construction  of  the  Movahle-coil  Galvano- 
meter for  determining  Current-strength  and  Electromotive 
Force  in  Absolute  Measure,     By  Dr.  Eugen  Obach*. 

Some  years  ago  I  showed  that  the  tangent-galvanometer 
of  ordinary  dimensions  may  be  employed  as  a  measuring 
instrument  for  verj'  strong  currents  if  the  ring  is  made 
movable  around  its  horizontal  diameter  f^  a  principle  already 
adopted  before  that  time  by  Prof.  Trowbridge,  of  Harvard 
College,  Massachusetts  %;  a  little  later  I  described  a  galvano- 
meter based  upon  that  principle,  and  constructed  by  Messrs. 
Siemens  Brothers  §. 

I  now  propose  to  give  a  brief  account  of  several  alterations 
which  have  since  been  introduced  by  that  firm,  and  which  I 
venture  to  think  render  the  instrument  more  sensitive  and 
more  convenient  for  use,  besides  creating  for  it  a  wider  field. 

♦  Read  June  9, 1883. 

t  'Nature/  xviii.  p.  707  (1878);  RepeHor,  fur  Exper,  Physik,  xiv. 
p.  507  (1878). 

t  Amer.  Journ.  of  Arts  and  Science,  vol.  ii.  (August  1871). 
§  Zeitschriftfur  anpetoandte  Ulectricitdtslehre,  i.  p.  4  (1879). 
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As  the  galvanometer,  in  the  complete  form  in  which  I  shall 
presently  describe  it,  is  not  so  much  destined  to  meet  the 
daily  want  of  the  practical  electrician,  but  is  rather  intended  for 
measurements  where  greater  accuracy  and  trustworthiness  than 
usual  is  necessary,  I  thought  myself  justified  in  bringing  the 
subject  before  the  Physical  Society,  particularly  as  the  kindness 
of  Messrs.  Siemens  Bros.  &  Co.  at  the  same  time  enables  me 
to  place  the  instruments  before  you  for  inspection. 

Ere  proceeding  further,  allow  me  to  say  that  I  shall  not  on 
this  occasion  touch  upon  the  theory  of  the  instrument,  which 
is  already  given  elsewhere,  but  confine  myself  whoUy  to  de- 
scribing the  recent  improvements  in  its  construction,  adding 
a  few  series  of  measurements  in  order  to  prove  the  high  degree 
of  accuracy  obtainable. 

I  propose  to  deal  with  the  different  parts  of  the  instrument 
under  separate  headings;  and  will  first  speak  of 

The  Magnetic  Needle  and  its  Pointer. 
The  older  instruments  had  a  flat  magnetic  needle  fixed  to  a 
light  vertical  axle,  pivotted  at  both  ends  between  jewels  to 
prevent  any  dipping,  which  the  needle  would  otherwise  expe* 


rience  with  great  inclinations  of  the  ring.     This  arrangement 
answered  sufficiently  well  with  ordinary  care;  but  still  the 
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delicate  pivots  were  likely  to  be  damaged^  thus  impairing  the 
sensitiveness  of  the  needle.  As  now  constructed^  tixe  dipping 
of  the  needle  is  completely  avoided  in  the  manner  illustrated 
by  the  annexed  figure.  The  needle,  n  s^  is  fixed  to  a  thin 
vertical  axle,  a  by  near  its  upper  end,  the  lower  end  of  the 
axle  being  provided  with  a  cylindrical  brass  weight,  w.  This 
weight  offers  but  little  additional  momentum  to  the  whole 
system  round  the  vertical  axis,  whereas  the  movement  round 
the  horizontal  axis  is  completely  prevented.  The  aluminium 
pointer,  pqyia  situated  in  the  same  plane  as  the  scale;  the 
ends  are  flattened  and  provided  with  a  fine  slit,  which  serves 
as  an  index  for  reading  the  deflections,  the  bottom  of 
the  needle-box  being  blackened.  The  reading  can  thus  be 
taken  without  parallax,  and  therefore  very  accurately.  The 
magnetic  needle  has  a  biconical  shape,  which  entirely  prevents 
the  shifting  of  the  magnetic  axis  from  its  original  position, 
as  was  sometimes  found  to  be  the  case  with  the  old  broad 
needles.  Adjustments  are  provided  by  which  the  cocoon- 
fibre,  /,  serving  to  suspend  the  needle,  can  be  raised  or 
lowered,  as  well  as  accurately  centred. 

The  Damping  of  the  Oscillations. 
Numerous  experiments  were  undertaken  to  ascertain  a-con- 
venient  method  for  damping  the  oscillations  of  the  needle,  and 
to  arrive,  if  possible,  at  a  perfectly  aperiodical  movement. 
After  trying  large  masses  of  copper  placed  in  the  immediate 
neighbourhood  of  the  swinging  magnet,  as  well  as  liquid 
damping,  without  decided  success,  air-damping  was  resorted 
to,  and  finally  adopted.  It  will  be  remembered  that  Sir  Wil- 
liam Thomson  used  air-damping  for  the  light-mirror  of  his 
dead-beat  galvanometer,  and  Prof.  Topler  *  for  other  galvano- 
metric  apparatus.  In  our  case  the  air-chamber  consists  of  a 
shallow  cylindrical  box,  about  8  centim.  in  diameter,  1^  centim. 
high,  provided  with  two  radial  partitions  which  can  be  slid  in 
or  out;  the  axle  of  the  needle,  passing  through  the  centre  of 
this  box,  carries  a  light  and  closely  fitting  vane.  By  sliding 
the  partitions  more  or  less  into  ihe  box  various  degrees  of 
damping  can  be  obtained;  and  if  they  are  right  in,  the  motion 
is  practically  dead-beat. 

•  JRepert.f.  exp.  Phys,  ix.  p.  269  (1873) 
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The  Scales. 
Declination-scale, — This  scale,  engraved  on  a  horizontal  ring, 
was  formerly  divided  into  degrees,  as  usually  done ;  hut  now 
one  semicircle  is  provided  with  divisions  corresponding  to  the 
natural  tangents.  The  interval  between  each  two  divisions 
must  of  course  vary  for  different  pai-ts  of  the  scale^  and  is 
arranged  as  follows: — 

Table  I. 


Values  of  tangent 

InterraL 

Otol 

0-01 

1„2 

0-02 

2  „  3 

005 

3„5 

0-10 

It  will  be  noticed  that  the  value  of  the  interval  only  changes 
at  those  places  where  the  tangent  is  equal  to  a  whole  figure, 
thus  making  a  mistake  in  reading  less  likely.  Looking  at 
this  scale  no  gaps  are  conspicuous,  and  the  divisions  are 
everywhere  pretty  evenly  distributed.  Tangent-scales  have 
been  employed  by  Joule,  Sir  William  Thomson,  and  others; 
but  the  one  now  described  seems  well  to  satisfy  all  the  re- 
quirements. 

Inclination-scale, — This  scale,  engraved  on  a  vertical  qua- 
drant divided  into  degrees,  c^n  accurately  be  read  to  one  tenth 
by  means  of  a  vernier.  The  zero  division  was  formerly  that 
to  which  the  index  pointed  when  the  ring  was  horizontal.  In 
this  case  the  tangent  of  the  deflections  had  to  be  divided  by 
the  sine  of  the  angles.  For  convenience'  sake,  the  places 
were  specially  marked  on  the  scale  at  which  the  sines  corre- 
sponded to  whole  figures.  The  new  inclination-scale  has  the 
zero  at  the  vertical  or  normal  position  of  the  ring;  and  instead 
of  the  sines,  the  secants  are  specially  marked  which  are  repre- 
sented by  whole  figures.  With  these  secants  the  tangents  of 
the  deflections  must  be  multiplied;  and  they  can  therefore  be 
termed  multiplying  powers,  analogous  to  the  multiplying 
power  of  shunts.  The  instruments  intended  only  for  the 
measurement  of  current>-strength  have  the  quadrant  bearing 
the  secant- scale  fixed  outside  the  ring,  whilst  the  others,  mea- 
suring also  electromotive  force,  have  it  situated  between  the 
needle-box  and  the  ring,  where  it  is  better  protected  from  injury. 

If  the  deflections  of-  the  needle  are  read  on  the  tangent- 
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scale  and  the  positions  of  the  ring  on  the  secant-scale^  the  aid 
of  trigonometrical  tables  may  be  entirely  dispensed  with,  as 
the  product  of  the  two  figures  represents  the  quantity  to  be 
measured;  irrespective  of  a  constant. 

The  Solid  Ring  and  the  Coil. 
If  the  galvanometer  has  to  serve  only  for  the  measurement 
of  currents,  the  gun-metal  ring  is  of  a  rectangular  cross 
section;  but  if  it  is  at  the  same  time  destined  to  measure  dif- 
ference of  potential,  the  cross  section  is  V-shaped,  the  groove 
being  filled  with  numerous  turns  of  G.S.  wire.  If  the  num- 
ber of  convolutions  is  known,  and  if  a  simple  relation  exists 
between  that  number  and  the  resistance  of  the  wire,  a  great 
advantage  may  be  derived  therefrom.  For  instance,  if  there 
are  one  thousand  convolutions  on  the  coil,  offering  a  resistance 
of  exactly  one  thousand  ohms,  the  current  due  to  the  difference 
of  potential  of  one  volt  at  the  ends  of  the  coil  would  produce 
the  same  deflection  of  the  needle  as  the  current  of  one  ampere 
flowing  through  the  solid  metal  ring.  That  this  must  be  so 
is  evident,  if  it  is  remembered  that  the  weak  current  of  one 
thousandth  of  an  ampere  flows  round  the  needle  one  thousand 
times,  but  the  stronger  current  of  one  ampere  only  once.  The 
solid  ring  and  the  convolutions  are  thus  arranged  that  their 
cross  sections  have  a  common  centre  of  gravity,  thus  both 
acting  exactly  in  the  same  way  upon  the  magnetic  needle.  If 
this  simple  plan  is  adopted,  the  calibration  of  the  galvano- 
meter for  difference  of  potential  in  volts,  which  is  readily  per- 
formed with  a  few  cells  of  known  E.M.F.,  at  the  same  time 
gives  the  graduation  of  the  instrument  for  strength  of  current 
in  amperes.  I  have  been  using  various  modifications  of  the 
Daniell  cell  with  solutions  of  copper  and  zinc  sulphate 
of  equal  specific  gravity.  At  present  I  am  engaged  in  con- 
structing a  standard  cell  for  such  purposes,  which  is  always 
at  disposal;  and,  as  far  as  the  preliminary  experiments  show, 
the  E.M.F.  of  the  new  cell  will  closely  approach  one  volt. 
Further  on  I  shall  communicate  some  measurements,  by  which 
I  intend  to  show  how  accurately  the  calibration  of  the  fine-wire 
coil  in  volts  can  serve  for  that  of  the  solid  ring  in  amperes. 

The  Constant  Shunt  and  Leading  Wires. 
With  the  size  of  the  ring  usually  employed,  viz.  30  centim. 
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diameter,  and  our  horizontal  component  of  the  earth's  mag« 
netism,  currents  of  greater  strength  than  about  50  amperes 
would  require  the  ring  to  be  at  the  multiplying  powers  9  or 
10,  I.  e.  near  the  horizontal  position.  If,  as  a  rule,  such  cur- 
rents have  to  be  measured,  it  is  desirable  to  raise  the  con- 
stant of  the  galvanometer,  say  two  or  threefold,  without  a 
proportionate  increase  of  the  dimensions.  This  can  be  done 
by  the  use  of  a  so-called  "  constant  shunt/*  thereby  allowing 
only  half  or  one  third  of  the  current  to  flow  round  the  needle. 
In  our  case  the  shunt  is  made  of  exactly  the  same  metal  as 
the  solid  ring  itself;  it  has  no  soldering-places,  and  consists 
in  fact  of  three  or  four  little  bridge  pieces  left  standing 
instead  of  cutting  the  ring  quite  open  where  the  terminals  join. 
By  comparison  with  an  instrument  of  the  same  description 
having  an  open  ring,  the  shunt  can  be  adjusted  to  any  power 
desirable. 

However,  by  the  introduction  of  the  "  constant  shunt "  the 
accuracy  of  the  measurements  is  somewhat  impaired.  Expe- 
riments in  which  the  shunt-pieces  were  touched  with  a  thin 
stick  of  low-melting  material  during  the  passage  of  very  strong 
currents,  proved  that  they  did  not  become  hot,  on  account  of 
their  extremely  low  absolute  resistance  and  their  contact  with 
the  large  metallic  mass  of  the  ring  conducting  away  the  heat. 
Variations  of  temperature,  to  which  both  the  ring  and  the 
shunt  are  subjected,  do  not  of  course  in  the  least  disturb  the 
ratio  of  their  resistance,  since  they  both  consist  of  the  very 
same  alloy. 

As  the  current  only  passes  round  the  needle  once  and,  if 
powerful  enough,  produces  deflections  even  if  the  ring  is 
almost  horizontal,  it  is  hardly  necessary  to  call  attention  to 
the  fact  that  the  wires  leading  the  current  to  the  instrument 
should  be  so  arranged  that  they  cannot  act  upon  the  needle; 
still  I  have  seen  instances  where  this  simple  and  almost  self- 
evident  precaution  has  been  strangely  neglected.  I  thought 
it  therefore  best  to  have  special  leading  wires  provided  which 
are  absolutely  inactive  upon  the  needle,  and  may  therefore  be 
named  "  adynamic  leads.**  These  leads  consist  of  a  number 
of  well-instdated  copper  wires  stranded  together  in  a  peculiar 
manner,  and  covered  with  a  cotton  braiding,  similar  to  the 
ordinary  speaking-tubes.     The  cable  thus  formed   is  quite 


Digiti 


zed  by  Google 


OF  THB  MOVABLS-OOIL  GALVAKOMETSR.  295 

flexible^  and  wiihoat  the  slightest  action  upon  a  magnetic 
needle.  I  sent  a  strong  current  through  several  turns  of  such 
a  cable^  and  held  it  close  to  a  delicately  suspended  magnetic 
needle,  but  could  not  detect  any  effect  whatever  upon  it. 
One  half  of  the  wires  is  covered  with  a  differently  coloured 
material  to  the  other  half ;  and  the  wires  of  each  colour  are 
united  at  both  ends  of  the  cable,  and  there  soldered  to  a  stout 
piece  of  copper  wire.  The  adynamic  cable  can  be  made  in 
any  length  and  for  different  current*strengths;  and  as  it  offers 
only  a  small  resistance,  it  can  be  employed  to  convey  the 
current  to  be  measured  to  a  locality  where  the  needles  are  not 
disturbed  by  machines  or  wires. 

The  Adjusting  Parts  and  the  Compensating  Magnet. 

With  regard  to  the  adjustment  of  the  instrument,  it  suffices 
to  say  that,  besides  the  necessary  levelling-arrangements,  it  is 
provided  with  damp-rings  for  tightly  holding  the  pillar  as 
well  as  the  movable  coil  Mrithout  interfering  with  previous 
adjustments,  and  in  the  same  manner  as  is  often  done  with 
mathematical  apparatus.  The  final  adjustment  of  the  axis  of 
the  coil  into  the  meridian  is  performed  by  means  of  a  fine 
screw,  which  proves  very  useful  for  correcting,  during  a  series 
of  measurements,  the  occasional  variations  of  the  zero  position. 

As  long  as  the  galvanometer  stands  in  the  same  position, 
the  ^^  constant y^  as  a  rule,  changes  but  little  even  from  day  to 
day.  If,  however,  the  instrument  is  taken  from  one  place  to 
another,  great  changes  in  that  respect  will  occur,  amounting 
sometimes  to  many  per  cents.  These  changes  do  not  of  course 
interfere  with  the  accuracy  of  the  measurements,  because  the 
"  constant  "  can  easily  be  redetermined  with  a  known  E.M.F. 
at  any  place,  as  we  have  seen;  but  it  would  undoubtedly  be 
very  convenient  to  have  the  galvanometer  of  eqital  sensibility 
everywhere.  For  that  purpose  an  auxiliary  magnet  is  placed 
east  or  west  from  the  needle  in  a  plane  parallel  to  the  men-  , 
dian,  which  can  turn  round  a  horizontal  axis  passing  through 
its  neutral  point  and  the  centre  of  the  needle,  and  being  at 
right  angles  to  the  diameter  on  which  the  coil  is  turned. 
This  magnet  does  not  affect  the  zero  position,  and  moreover, 
if  placed  exactly  vertical  with  its  magnetic  axis,  it  does  not 
alter  the  original  constant,  which  then  only  depends  upon  the 
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horizontal  terrestrial  component,  more  or  less  modified  by  the 
surroundings;  but  if  it  is  dipped,  the  horizontal  force  acting 
on  the  needle  is  either  augmented  or  diminished,  according  to 
the  direction  in  which  the  magnet  is  turned  and  to  the  amount 
of  dip  given.  It  is  easily  seen  that  the  magnetic  influence  of 
the  surroundings  upon  the  needle  may  now  greatly  vary  from 
one  place  to  another  and  still  be  compensated  by  the  magnet, 
thus  keeping  the  so-called  ^'  constant  ^^  of  the  galvanometer 
actually  at  a  constant  value,  adjusting  it,  for  instance,  always 
so  that  the  unit  deflection  of  45°  with  the  vertical  ring 
corresponds  to  a  round  number  of  volts  and  amperes,  say 
five  or  ten.  Under  such  conditions  the  deflection-scale  could 
at  once  give  the  current  or  E.M.F.  in  amperes  or  volts.  A 
gradual  change  of  magnetism  in  the  compensating  magnet 
does  not  affect  ihe  measurements.  I  shall  not  further  enter 
into  this  subject  here,  as  I  intend  discussing  it  more  fully  on 
a  future  occasion. 

Methods  of  Measurement. 

For  measuring  currentnatrength  or  electromotive  force 
either  of  the  following  four  methods  can  be  em[)loyed  accord- 
ing to  circumstances,  viz.: — 

I.  The  General  Method. — Applicable  under  almost  any 
conditions.  The  coil  is  placed  in  such  a  position  that  the 
deflection  attains  a  proper  value.  If  a  is  the  deflection  of  the 
needlC;  and  ^  that  of  the  coil  from  the  meridian,  the  formula  is 

^stan  a  X  sec  <^  X  const.; 

or  in  case  the  multiplying  powers  P  on  the  quadrant  are  used^ 
the  formula  becomes 

;r = tan  a  x  P  x  const. 

II.  Method  of  Equality. — With  this  method  the  coil  is  each 
time  placed  in  such  a  position  that  the  needle  is  deflected 
exactly  to  the  same  angle  yfr  to  which  the  coil  is  inclined, 
giving  the  formula 

a?=  tan  -^  X  sec  -^  x  const. 

Having  then  only  to  deal  with  a  single  angle  for  a  particular 
measurement,  these  products  of  tangents  and  secants  may  be 
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calculated  beforehand.     For  this  purpose  the  natural  sines  are 

sufBcient,  because  tan  x  sec  = — «. 
'  cos^ 

The  following  Table  gives,  for  easy  comparison,  the  values 
of  tangents,  secants,  and  their  products  at  ten  and  mul- 
tiples of  ten  degrees.  These  products,  like  the  tangents, 
range  from  nil  to  infinity,  but  increase  more  rapidly. 

Table  II. 


Angle. 

0° 

10« 

20O 

30« 

40° 

60O 

60O 

70° 

80° 

90° 

tan 

Bee  

0 
1-0 

■176 
1-015 

•864 
1-064 

•577 
1156 

•839 
1-305 

1192 
1-566 

1732 
2-000 

2-747 
2-924 

5^671 
5-759 

00 
00 

tanXaeo 

0 

•1786 

•3873 

•6664 

1-096 

1-855 

3464 

8-032 

32-66 

00 

III.  Method  of  Constant  Deflection, — Here  the  coil  is  each 
time  inclined  until  the  needle  reaches  a  certain  deflection,  say 
26i°,  45°,  or  63^°,  of  which  the  corresponding  tangents  are  i, 
1,  and  2  respectively.  This  figure  then  enters  the  constant, 
giving  the  simpler  formula 

^= sec  <^x  const., 

the  instrument  acting  as  a  secant-galvanometer.  For  a  given 
constant  deflection  the  secant-measurements  range  between 
unity  and  infinity,  as  the  above  little  table  shows.  This 
method  has  the  peculiarity  that  the  needle  occupies  a  fixed 
position  in  space  during  the  measurements,  which  in  some 
instances  may  be  found  of  advantage. 

IV.  Method  of  Constant  Inclination. — In  this  case  the  coil 
is  fixed  at  a  given  inclination,  and  sec  ^  enters  the  constant; 
thus  the  formula  is  reduced  to  that  of  the  ordinary  tangent- 
galvanometer, 

^sstanax  const. 

As  compared  with  other  galvanometers  proposed  for  a  similar 
purpose,  Ae  one  here  described  offers  the  great  advantage 
that  the  magnetic  needle  has  not  to  be  shifted  from  one 
measurement  to  another,  whereby  the  magnetic  field  may 
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sometimes  considerably  alter;  furthermore  it  does  not  depend 
upon  the  constancy  of  permanent  magnets,  which,  to  say  the 
least,  is  rather  precarious*. 

NuMBRicAL  Results  of  Measurements. 

I  shall  now  communicate  some  measurements  and  tests  to 
which  the  latest  forms  of  instruments  haye  been  subjected,  in 
order  to  illustrate  the  degree  of  accuracy  obtainable.  The 
first  set  was  undertaken  to  ascertain  the  relation  actually 
existing  between  the  solid  ring  for  currents  and  the  coil  of 
wire  for  E.M.F.,  which,  it  will  be  remembered,  was  intended 
to  be  such  that  amperes  with  the  solid  ring  should  accurately 
correspond  to  volts  with  the  wire  coil.  The  experiment  was 
conducted  as  follows: — ^A  current,  from  my  constant  battery 
with  acid  flowf,  was  sent  through  the  solid  ring  and  a  copper 
voltameter  in  circuit  for  a  certain  time,  the  deflections  to  the 
right  and  left  being  observed  every  five  minutes.  The  mean 
of  these  deflections  was  taken  as  corresponding  to  the  amount 
of  copper  deposited.  The  copper-sulphate  solution  and  the 
electrodes  consisted  of  pure  materials.  The  mean  of  the  gain 
of  the  kathode  and  the  loss  of  the  anode  was  taken.  The 
amount  corresponding  to  one  ampere  per  hour  is  1'164 
gramme  of  copper  or  3*96  grammes  of  silver,  the  latter  figure 
being  that  adopted  by  Messrs.  Siemens  and  Halske,  of  Berlin]:. 
The  calibration  of  the  fine-wire  coil  for  volts  was  performed 
by  means  of  a  number  of  Daniells,  each  compared  with  a 
Raoult's  standard  cell  filled  with  pure  sulphate  solutions 
and  having  the  E.M.F.  1'115  volt,  according  to  Dr.  Alder 
Wright's  experiments  §.  The  figures  obtained  were  as  fol- 
lows:— 

a.   With  the  solid  Ring. 

Copper  obtained        =11*435  grammes. 
Time  of  electrolysis  =  60  minutes. 
Mean  deflection        =47^-3. 
Position  of  ring  P    =   2. 

♦  Another  advantage  undoubtedly  is  that  the  galvanometer  requires 
no  variable  shunt,  by  which  errors  may  very  easily  be  introduced, 
t  Bep.f,  exp.  Phys.  xviii.  p.  633  (1882). 
{  See  latest  instructions  for  use  of  their  torsion  galvanometers. 
$  Pioc.  Phys,  Soc.  V.  p.  80  (1882). 
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Hence  the  cniTent  corresponding  to  the  unit  deflection  of  45° 
with  the  ring  vertical  =: 4*531  amperes. 

b.  With  thefine^re  CoU, 

Nmnher  of  Daniells  =  4. 
E.M.F.  thereof         =  4  x  1-109. 
Deflection  obtained   =44^-6. 
Position  of  coil  P      =   1. 

Hence  the  E.M.F.  corresponding  to  the  deflection  of  45°  with 
the  ring  vertical  =4*626  voltSj  the  correction  for  the  resistance 
of  the  cells  being  applied. 

These  two  results  agree  very  closely  indeed,  showing  only  a 
difference  of  0*13  per  cent.  This  is  the  more  remarkable  bb 
the  two  kinds  of  measurements  have  nothing  in  common, 
being  in  fact  based  upon  data  quite  independent  of  each  other, 
thus  proving  that  it  is  admissible  to  substitute  for  such  instru- 
ments the  calibration  in  volts  for  that  in  amperes. 

A  further  series  given  in  Tables  III.  and  IV.,  and  carried 
out  with  great  care,  clearly  show  that,  for  any  given  current- 
strength  or  E.M.F.,  the  result  of  the  measurement  is  almost 
identical  in  whatever  region  the  readings  are  taken. 

Table  III.  is  obtained  with  currents  from  my  constant  bat- 
tery passed  through  the  solid  ring.  The  six  different  current- 
strengths  were  obtained  by  the  insertion  of  suitable  resist- 
ances, and  were  as  nearly  as  possible  in  the  proportion  of  the 
whole  figures  1  to  6. 

Table  IV.  contains  measurements  with  the  fine-wire  coil, 
thereby  using  the  E.M.F.  of  ordinary  Bunsen  cells  connected 
in  series,  and  varying  in  number  from  2  to  12. 

From  these  Tables  it  will  be  seen  that,  on  the  one  hand,  tbe 
deflections  extend  over  the  greater  part  of  the  tangent-scale, 
i.  e.  from  3°*4  till  78°'2,  and,  on  the  other,  the  position  of  the 
coil  varies  from  the  multiplying  power  1  to  10 — the  quantities 
measurable  being  therefore  in  the  proportion  of  1  to  500,  yet 
the  accuracy  arrived  at  may  be  pronounced  fully  satisfactory. 
Combining  the  results  of  all  these  measurements  with  the 
solid  ring  and  with  the  wire  coil,  the  mean  error  of  a  single 
reading  becomes  0*35  per  cent.,  and  the  probable  error  0*24 
per  cent. 
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The  last  set  of  measurements  had  for  its  object  to  show  that 
a  compensating-magnet  of  the  description  proposed  does  not 
affect  the  readings.  The  results  are  embodied  in  Table  Y.; 
ihej  were  obtained  with  one  of  the  older  forms  of  solid-ring 
galvanometers  provided  with  a  sinenscale.  The  curved  con- 
trolling magnet  of  a  mirror-galvanometer,  20  oentim.  long 
and  2  centim.  broad,  was  strongly  magnetized  and  placed  a 
a  distance  of  24  oentim.  in  the  manner  formerly  specified, 
and  so  arranged  that  it  could  be  turned  on  a  horizontal  axis. 
Three  different  positions  were  given  to  the  magnet — viz.  one, 
in  which  it  assisted  the  earth's  magnetism,  another,  in  which 
it  did  not  act  upon  the  needle,  and  a  third,  in  which  the  earth's 
magnetism  was  partly  neutralized.  By  altering  the  resistance 
in  circuit,  the  deflections  with  the  vertical  ring  were  made 
equal  in  all  three  cases,  viz.  63^*5. 

Table  Y.  shows  that  the  degree  of  accuracy  did  not  mate- 
rially differ  under  the  three  varying  conditions.  The  magnet 
therefore  does  not  appreciably  interfere  with  the  measure- 
ments. The  mean  error  of  all  three  positions  of  the  magnet  is 
0*22  per  cent.,  which  is  very  low. 

In  conclusion,  I  may  mention  that  a  smaller  model  of  the 
galvanometer,  intended  for  practical  use,  is  now  being  made, 
which  will  contain  all  the  recent  improvements,  viz.  the  fine- 
wire  coil  besides  the  solid  ring,  the  tangent-scale,  the  secant- 
marks,  the  air-damping,  and  the  compensating-magnet.  The 
latter  will  be  so  arranged  that  the  "  constant "  will  be  consi- 
derably increased  as  compared  with  that  due  to  the  earth's 
magnetism  alone ;  thus  the  needle  should  be  much  less  in- 
fluenced by  outer  disturbances  than  before. 

Woohrich,  June  1888. 

XXXIY.  Note  on  the  Measurement  of  the  Electric  Resistance  of 

Liquids.   By  Professors  W.  E.  Ayrton,  F,R.8.j  and  John 

Perry,  M.E* 

[Plate  Xm.] 

Some  time  back  a  paper  was  communicated  by  Professors 

Reinold  and  Eiicker  to  this  Society  on  the  Resistance  of  Liquid 

Films,  which  had  a  double  interest,  arising  from  the  great 

*  Bead  June  9, 1883. 
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value  of  the  results  arrived  at  and  from  the  method  employed 
to  obtain  them.  It  is  of  course  well  known  that  the  great 
difficulty  in  measuring  the  resistance  of  a  liquid  arises  from 
the  polarization  of^  or  actual  deposit  of  gases  on^  the  anode 
and  cathode^  which  makes  the  apparent  resistance  of  the  liquid 
far  greater  than  the  true  value.  To  overcome  this  difficulty 
Kohlrausch  employed  rapidly  alternating  currents;  and  Dr. 
Guthrie';  with  Mr.  Boys^  dispensed  altogether  with  the  anode 
and  cathode  by  observing  the  amount  of  twist  produced  in  a 
fine  steel  wire  supporting  a  vessel  of  liquid  when  a  magnet 
was  rotated  at  a  fixed  speed  in  the  neighbourhood. 

But  there  is  another  method  of  measuring  the  resistance  of 
a  liquid  independently  of  its  polarization — the  one  so  success- 
fully employed  by  !rrofs.  Keinold  and  Biicker,  and  which  con- 
sists in  measuring  by  means  of  an  electrometer  the  potential- 
diiference  at  two  fixed  points  in  a  column  of  the  liquid  when 
a  current  of  known  strength  is  passing  through  it. 

At  the  time  Profs.  Beinold  and  Bucker  communicated  their 
paper^  we  mentioned  that  some  years  previously  certain  experi- 
ments had  been  conducted  in  our  laboratory  in  Japan  for  the 
purpose  of  ascertaining  how  far  the  electrometer  method  of 
measuring  the  resistance  of  a  liquid  was  entirely  independent  of 
polarization;  and  as  we  have  since  come  across  the  results  of 
these  experiments  in  turning  over  some  papers^  we  have  thought 
that  the  information  may  possess  some  interest  for  the  Mem- 
bers of  this  Society.  The  experiments  were  made  at  the  com- 
mencement of  1878  by  some  of  our  students;  and  the  first 
part  of  the  investigation  was  for  the  purpose  of  ascertaining 
how  the  resistance  of  water  varied  with  the  electromotive  force 
employed  and  with  the  temperature  of  the  water  when,  first, 
the  resistance  was  measured  by  the  current  which  a  known 
electromotive  force  could  send  between  platinum  plates  of 
known  size  and  at  fixed  distances  apart  in  the  water,  and, 
secondly,  when  the  resistance  was  measured  by  a  comparison 
of  the  potential-difierences  of  two  platinum  wires  placed  in 
the  water  at  fixed  distances  apart,  with  the  potential-diifer- 
ences  when  the  same  current  was  being  sent  through  a  known 
resistance. 

Figs.  1  and  2,  PI.  XIII.,  show  the  arrangement  of  the  appa- 
ratus used  in  the  experiments.   B  is  the  battery  producing  the 
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current  passing  between  the  platinuin  plates  P  and  P'.  G  is  a 
delicate  reflecting  galvanometer  measuring  the  current.  E  is 
a  quadrant-electrometer  which  measures  the  difierence  of  po- 
tentials between  the  two  wires  W  and  W^  These  two  platinum 
wires  W  and  W  were  immersed  in  glass  tubes ;  and  their  ends 
were  above  the  bottom  of  the  glass  tubes  as  shown.  Figure  1 
shows  the  connexions  when  the  diflerences  of  potentials  be- 
tween W  and  W  were  being  measured  by  the  electrometer, 
and  figure  2  when  the  differences  of  potentials  at  the  two  ends  of 
the  known  resistance-coil^  of  10^000  ohms^  were  being  measured. 
The  following  Table  gives  the  dimensions  of  the  various 
parts  of  the  apparatus: — 

Diameter  of  the  beaker  at  water-line 8*5    centim. 

Height  of  water-line  above  the  bottom  ...  5*76  „ 

Distance  between  centres  of  wire  tubes  1  j^  oo 

(W,W'infig.  2) J  ^^^  " 

Distance  between  the  platinum  plates 7*3 

Part  of  the  glass  tube  surrounding  thel  a.^A 

wire  dipped  in  water J  " 

Part  of  the  platinum  wire  in  water 0*91  „ 

Outside  diameter  of  the  glass  tube 0-87  „ 

Size  of  platinum  plate  :  height  3*28  y, 

„.       :  width    2-29  „ 

Before  each  experiment,  when  no  current  was  passing,  the 
difference  of  potentials  between  the  plates  and  wires  was 
reduced  to  0,  if  not  0  already.  The  wires  W  and  W  were  heated 
to  redness  before  each  experiment,  and  the  platinum  plates 
cleaned. 

At  the  beginning  pure  distilled  water  was  used;  and  this 
water  was  not  added  to  all  the  time  :  it  therefore  lost  a  little 
by  evaporation  during  the  course  of  the  experiment,  and  may 
have  become  a  little  dusty ;  but  as  the  main  object  of  the  in- 
vestigation was  to  examine  the  method  of  testing,  and  not  for 
the  purpose  of  measuring  the  specific  resistance  of  water  or  of 
any  other  particular  liquid,  this  result  was  of  little  consequence. 

The  following  is  a  sample  of  the  experiments  made: — 

January  25,  1878. — Battery-power  employed  ^  of  23 
Daniell's  cells,  having  an  E.M.F.  of  4*08  volts,  and  which 
gave  a  deflection  of  468  divisions  on  the  galvanometer  when 
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shunted  with  the   f^  Bhimt,  and   when  a   resistance    of 
10,000  ohms  was  introduced  in  the  circuit. 


Time  after 

putting  on 

battery. 

GalTanome- 

tAr-dAfI  AAtann . 

JBOeotrometer^leaeolion. 

Temperature. 

Figure  1. 

Figure  2. 

1« 

2 

3 

99 
96 
94 

10 
10 
10 

6y>-6F. 

Flatee  and  wiree  thoroughlj  diflcharged. 

1« 

2 

8 

99 
98 
90 

14 
14 
14 

61°  F. 

Time  after  putting 
on  battery. 

Besistanoeae 

determined  by 

the  galyanometer. 

Beaistanoe  as 
determined  by 
the  electrometer. 

2 
3 

87000 
88000 
39000 

7100 
7100 
7100 

The  annexed  Table  gives  the  results  of  a  long  series  of  ex- 
periments:— 


Ratio  of 

Ratio  of 

Ratio  of 

Total  elec- 

aa  deter- 

resistance 
at  the  end 

resistance 
at  the  end 

Resistance 

resistance 
determined 
by  galvano- 
meter to 
resutanee 
as  deter- 
mined  bj 
electro- 
meter. 

tromotiTe 

force, In 

▼olta. 

'^^sr 

mined  bj 
galrano- 
meterat 

of  second 
minute  to 
the  resist- 

of third 
minute  to 
the  resist- 

aa deter- 
mined bj 
electro. 

Date. 

end  of  one 
minute. 

ance  at  the 

end  of  the 

first 

ance  at  the 

end  of  the 

first. 

meter. 

0-93 

58*>F. 

939U0 

1-27 

1-4 

15000 

6-26 

23rd  Jan. 

60 

133000 

112 

1-37 

16000 

8-87 

23rd   n 

A    093 

100 

66000 

116 

1-27 

8000 

7-00 

24th : 

1-86 

63 

58000 

110 

114 

10670 

6 

24th    . 

1-86 

62 

51500 

112 

1-18 

10300 

6 

24th    „ 

B    1-86 

102 

32000 

M7 

1-27 

9670 

3-31 

24th   „ 

4-08 

59-6 

37000 

103 

1-05 

7100 

6-21 

25th    „ 

4-08 

102 

19800 

1-01 

1-06 

8270 

6-06 

28th    „ 

617 

60 

21000 

10 

1-0 

4460 

4-72 

28th ,; 

0    617 

106 

12000 

1-08 

1-08 

2700 

4-44 

3l8t     ,. 

16-45 

62 

12700 

1-01 

1-99 

3170 

4-01 

31»t    „ 

D  16-45 

107 

7700 

1-04 

104 

1963 

3-94 

81»t    „ 
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Only  one  number  is  given  for  the  resistance  as  determined 
by  the  electrometer  in  each  case^  because  it  was  found  not  to 
vary  much  during  the  time  of  electrification ;  whereas  the 
resistance  as  determined  by  the  galvanometer,  as  will  be  seen, 
increased  in  the  earlier  experiments  30  to  40  per  cent,  during 
the  three  minutes'  electrification. 

The  total  electromotive  force  in  each  case  was  determined 
by  making  a  comparison  by  means  of  the  electrometer  with 
one  of  Clark's  standard  cells. 

From  these  observations  the  following  conclusions  may  be 
drawn: — First,  the  resistance  measured  by  the  galvanometer 
is  much  greater  when  using  about  1  volt  than  when  using 
nearly  2,  at  the  same  temperature  (compare  observations  A 
and  B),  whereas  the  electrometer-measurements  altered  very 
little  at  all.  Again,  comparing  C  and  D,  we  see  that  the 
resistance  measured  by  the  galvanometer  is  much  greater 
when  using  6  volts  than  when  using  16.  In  this  case,  how- 
ever, the  measurements  of  the  electrometer  are  also  consider- 
ably greater  in  the  first  case  than  in  the  second,  the  tempera- 
ture being  the  same.  Secondly,  if  the  electromotive  force  is 
less  than  the  decomposing  electromotive  force,  then  the  smaller 
it  is  the  more  does  the  resistance  alter  from  one  to  two  minutes' 
electrification,  and  from  two  to  three  minutes'.  Whenever, 
however,  the  electromotive  force  is  sufficiently  high  for  decom- 
position to  take  place,  the  electrification  seems  to  produce  but 
little  change  in  the  resistance.  The  resistance  of  the  water 
diminishes  as  the  temperature  rises,  the  electromotive  force 
being  kept  constant. 

The  following  experiments  were  made  preliminarily  to  ex- 
plorations of  the  region  between  the  two  platinum  plates  in 
the  water,  for  determining  what  were  the  directions  of  the 
lines  of  flow  of  current.  We  desired  to  see  if  there  was  any 
chance  of  being  able  to  use  platinum  wires  in  glass  tubes  con- 
nected with  the  electrometer,  as  previously  described. 

In  the  following  cases  a  long  trough  of  water  was  used 
instead  of  the  beaker. 

The  sensibility  of  the  galvanometer  was  nearly  the  same 
throughout  all  the  experiments,  and  was  such  that  ^  of 
the  whole  electromotive  force  employed  produced  a  deflection 
of  about  500  divisions  when  there  was  an  external  resistance 
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of  10,000  ohms  and  when  the  multiplying-power  of  the  shunt 
employed  was  100*7,  which  shnnt  was  used  throughout  all  the 
experiments. 

Four  Menotti  cells,  having  an  electromotive  force  of  3*7 
volts,  were  employed  in  each  of  the  following  experiments. 
In  A,  B,  C,  D,  E,  F,  and  G  the  two  platinum  plates  were 
placed  parallel  to  one  another  at  a  distance  of  90  centimetres 
apart.  The  two  wires  and  their  glass  tubes  were  placed  to 
commence  at  a  distance  of  80  centim. — ^that  is,  each  being 
5  centim.  from  the  platinum  plate.     The  lower  ends  of  the 


February  21,  1878. 

Difltanoe 
between  pla- 
tinum wires. 

Time  after 
putting  on 
•battery. 

Galyanome- 
ter-deflection. 

Electrometer- 
deflection. 

Temperature 
of  water. 

oentini. 

m    B 

rso 

1    0 

669 

53 

■^ 

A- 

60 

1  30 

662 

40 

13«0. 

40 

1  50 

65S 

27 

20 

2  15 

654 

15 

J 

fSO 

1    0 

667 

52 

^    40 

1  25 
1  45 

663 
657 

39 

27 

13°  a 

l20 

2  10 

653 

15 

. 

February  22,  1878. 

rso 

1    0 

6S0 

50 

0^ 

60 
40 

1  35 

2  10 

675 
672 

37 
26 

13^0. 

.20 

2  30 

670 

15 

rso 

1    0 

685 

49 

^ 

D 

60 
40 

1  20 
1  50 

680 
677 

37 
24 

13°  C. 

20 

2  10 

674 

12 

cm 

1    0 

697 

48 

^ 

E- 

60 
40 

1  20 
1  50 

692 

688 

36 
24 

13°  0. 

.20 

220 

685 

13 

rso 

1    0 

699 

50 

^ 

F 

60 
40 

1  35 
1  50 

694 
690 

37 
26 

13°  0. 

,20 

2  15 

687 

13       . 

so 

1    0 

oyer  717 

51 

a 

60 
40 

030 
2    0 

1) 

38 
25 

.  13°  0. 

20 

220 

ff 

15 
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platinnm  wires  were  each  1^  oentim.  aboye  the  lower  ends  of 
the  glass  tubes ;  and  the  lower  ends  of  the  glass  tnbes  were 
1  centim.  below  the  snrface  of  the  water.  The  two  platinnm 
plates  and  one  of  the  platinum  wires  were  kept  immovable, 
while  the  other  platinum  wire  was  moved  along  the  trough. 

The  object,  of  course,  of  taking  the  galvanometer-readings 
was  to  ensure  that  no  material  change  was  taking  place  in  the 
current  through  the  weakening  of  the  battery  or  otherwise 
while  the  experiment  was  being  made. 

The  experiments  E  and  F  appear  most  satisfactory  of  this 
set ;  and  from  these  it  seems  that  the  resistance  of  the  upper 
layer  of  water-column  is  nearly  proportional  to  the  distance 
between  the  platinum  wires,  except  for  the  nearest  distance, 
n  which  case  the  column  seems  to  have  a  slightly  larger 
resistance  than  it  ought  to  have.  This  perhaps  arose  from  the 
fact  that,  although  the  platinum  plates  nearly  filled  up  the 
entire  section  of  the  trough,  still  the  lines  of  flow  at  the 
platinum  wire,  which  was  kept  stationary  at  a  distance  of 
5  centimetres  from  one  of  the  plates,  were  not  quite  parallel 
to  the  edge  of  the  trough. 

The  two  following  sets  of  experiments,  H  and  I,  differ  from 
the  preceding  only  in  that  the  lower  end  of  the  glass  tube  was 
one  centimetre  above  the  bottom  of  the  trough ;  and  from 
these  two  sets  of  experiments  we  see  that  the  resistance  of  the 
lower  layer  of  water-column,  as  measured  by  the  electrometer, 
is  nearly  proportional  to  the  distance  between  the  wires,  except, 
again,  for  the  shortest  distance. 


Distance 
between  pla- 
tinuni  wires. 

Time  after 

putting  on 

battery. 

Ghilyanome- 
ter-deflection. 

Meotrometer- 
deflection* 

m    8 

fSO 

1    0 

700 

50 

H 

00 

1  85 

708 

37-5 

40 

2    0 

700 

26 

.20 

220 

698 

13 

[80 

1    0 

704 

49 

I 

GO 

1  20 

700 

87 

40 

1  45 

796 

25 

[20 

2  20 

792 

13 

The  next  experiments  were  for  the  purpose  of  seeing  whether 


Digitized  by 


Google 


310      PROFESSOBS  AYRTON  AND  PKRRT  ON  THE  MBASURBMENT 

the  potential;  as  measured  by  the  electrometer,  would  come 
out  uniform  at  all  points  in  one  vertical  transverse  section  of 
the  trough  as  well  as  at  all  points  in  one  of  the  glass  tubes. 


Distance 

between  the 

Position  of 

platinum 
wires  Wand 

the  lower  end 

Cklvanome- 

Electrometer- 

of  one  of  the 

ter-defleotion. 

deflection. 

W,  in  centi- 

tubes. 

metres. 

ceo 

Up. 

696 

49 

J    80 

Down. 

692 

49 

80 

Up. 

689 

49 

^^  Up  "  means  that  the  lower  end  of  the  glass  tube  was 
about  1  centim.  below  the  surface  of  the  water;  and  ^'  Down  " 
that  it  was  about  1  centim.  above  the  bottom  of  the  glass 
trough.  The  platinum  wire  was  now  raised  about  4  centim- 
above  the  bottom  of  the  glass  tube  when  the  glass  tube  was 
down  and  the  electromotive  force  was  unaltered.  The  poten- 
tial therefore,  at  all  points  in  a  vertical  transverse  section  as 
well  as  at  all  points  in  the  glads  tube,  is  the  same  as  measured 
by  the  electrometer. 

The  next  set  of  experiments,  K  and  L,  were  made  under 
exactly  the  same  conditions  as  A,  B,  C,  D,  E,  F,  and  G,  with 
the  exception  that  the  terminal  platinum  plates  were  now  per- 
pendicular to  each  other,  the  plate  towards  which  the  wire  was 
moved  being  parallel  to  the  long  side  of  the  trough. 


Distance 

- 

between  the 
platinum 

Time  after 
putting  on 

Galfanome- 

Electrometer- 
deflection. 

Temperature. 

wires,  m 

battery. 

centimetres. 

m    s 

f80 

1    0 

706 

61 

K. 

60 
40 

030 
050 

701 
699 

38 
27 

.    13^0. 

[20 

2    0 

697 

15 

- 

rso 

1    0 

705 

61 

1 

L 

60 
40 

080 
055 

701 
698 

40 
27 

13°  C. 

[20 

220 

697 

15 
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The  resistance  of  the  longer  colnmn  of  the  water  as  mea- 
sured by  the  electrometer  is  about  the  same  as  before^  whereas 
that  of  the  shorter  is  even  greater  ;  so  that  the  resistance  for 
the  80-centimetre  colnmn  is  even  still  less  than  four  times 
that  for  the  20-centimetre  one.  But  since  the  platinum  plate 
near  the  stationary  platinum  wire  was  in  these  last  two  sets  of 
experiments  K  and  L  kept  parallel  to  the  trough  (that  is, 
parallel  to  the  mean  direction  of  the  lines  of  flow),  it  follows 
that  any  want  of  parallelism  of  the  lines  of  flow  to  the  edge 
of  the  trough  at  the  point  where  was  the  stationary  wire 
would  be  exaggerated  by  this  mode  of  placing  the  plate ;  and 
since  we  observe  that  the  error  in  the  proportional  law  for 
distance  is  also  increased,  we  may  conclude  that  the  explana- 
tion given  above  of  the  want  of  perfect  accuracy  in  the  pro- 
portional law  being  due  to  want  of  perfect  parallelism  in  the 
lines  of  flow  is  the  correct  one. 

In  all  the  previous  experiments  the  distance  between  the 
electrometer-wires  only  was  altered;  but  in  the  next  set 
the  distance  between  the  platinum  plates  as  well  as  that  be- 
tween the  platinum  wires  was  altered,  the  distance  between 
each  plate  and  wire  being  kept  constant.  Further,  the  resist- 
ance determined  from  the  electrometer  was  calculated,  not,  as 
before,  by  comparing  the  electrometer-deflection  when  its 
electrodes  were  attached  to  the  platinum  wires  with  the  deflec- 
tion obtained  when  its  ends  were  attached  to  a  known  resist- 
ance traversed  by  the  same  current,  but  by  first  determining 
the  absolute  value,  in  volts,  of  the  electrometer-scale  with  the 
absolute  value,  in  amperes,  of  the  galvanometer-scale,  and  by 
observing  the  electrometer-  and  galvanometer-deflections  in 
each  experiment. 
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Battery-power  employed,  4  Menotti's  cells.     Temp.  14®  0. 


Distance  between  the  platinum  plates  20  centim. 

wires  10 


Time  after 

gutting  on 
itteiy,  in 
minutes. 


1 


4 
5 


ChilTanome- 
ter-deflection. 


230 
220 
214 
210 
20d 


Shunt 


990-2' 


Besistanoe,  asjBeeiatanoe,  as 
Electrometer-  determined  by  determined  bj 
galyanometer,  electrometer, 
in  ohms.  in  ohms. 


deflection. 


19 

19 

18-5 

18 

17 


27000 
28000 
29000 
29600 
30000 


11340 
11760 
11900 
11800 
11400 


Distance  between  the  platinum  plates  90  centim. 
,,  „  „  wires  80 


634 
621 
614 
608 
602 


42 
42 
42 
41 
41 


Shunt 


1007 


97000 

98980 

99960 

100940 

111960 


90200 
92070 
92900 
91900 
101900 


Distance  between  the  platinum  plates  90  centim. 
»  5>  »  wires  80 


621 
614 
609 
604 


43 
42 
42 
42 

41 


Shunt 


1007 


97000 

98000 

99000 

100000 

101000 


93100 
91100 
92100 
93000 
92000 


Distance  between  the  platinum  plates  20  centim. 
»  «>  «  wires  10 


245 
235 
230 
225 
220 


21 
20 
20 
19 
19 


Shunt 


990-2  • 


25500 
26600 
27200 
27800 
28400 


11900 
11700 
11960 
11670 
11930 


The  resistance,  therefore,  as  measured  by  the  galvanometer, 
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does  not  increase  as  rapidly  as  the  distance  separating  the 
plates,  while  that  as  measnred  by  the  electrometer  is  fairly  in 
proportion  to  the  distance.  The  explanation  of  the  former  is 
probably  due  to  the  fact  that,  since  the  electromotive  force 
employed  in  all  these  four  sets  of  experiments  was  constant,  a 
greater  current  flowed  when  the  plates  were  nearer  than  when 
ihey  were  far  apart,  hence  that  the  resistance  due  to  the  layer 
of  gas  was  greater  when  the  plates  were  near  than  when  they 
were  far. 

And  this  leads  to  a  simple  method  of  accurately  measuring 
the  resistance  of  liquids  by  using  a  galvanometer.  The 
method,  which  was  independently  arrived  at  by  one  of  our 
assistants  (Mr.  Mather),  is  now  employed  in  our  laboratory, 
and  is  so  simple  that  we  feel  it  can  hardly  be  novel.  It  is  as 
follows  : — In  a  long  vertical  glass  tube  containing  the  liquid 
there  are  two  metallic  disks,  not  necessarily  of  platinum,  and 
of  about  the  same  diameter  as  the  tube.  One  of  these  can 
slide  up  and  down  the  tube,  so  as  to  be  able  to  be  set  at  any 
fixed  distance  from  the  other.  The  disks  are  first  put  tolerably 
far  apart,  and  a  certain  convenient  current  made  to  flow, 
which  is  measured  on  a  galvanometer  in  the  circuit.  The 
plates  are  now  made  to  approach  and  the  current  kept  exactly 
the  same  by  the  insertion  of  an  external  resistance;  whence  it 
follows  that  the  resistance  of  the-  column  of  liquid  which  has 
been  subtracted  from  that  originally  separating  the  plates  is 
equal  exactly  to  the  external  resistance  necessary  to  be  inserted 
to  keep  the  current  constant. 

Februari/  28, 1878. 

The  next  set  of  experiments  was  made  to  determine  the 
alteration  in  resistance  of  a  long  trough  of  water  when  the 
distance  between  the  centres  of  the  platinum  plates  was  kept 
constant  at  90  centimetres,  and  the  positions  of  the  platinum 
plates  varied  as  shown  in  the  figures. 

Galvanometer-Constant. — 4  Menotti's  cells  with  an  E.M.F. 
3*8  volts  gave  a  deflection  of  618  when  a  resistance  of  10,000 
ohms  was  in  circuit  and  the  galvanometer  shunted  with  the 

The  4  Menotti's  cells  were  employed  and  the  galvano- 
meter shunted  with  the  j^  shunt,  and  the  readings  were 
VOL.  V.  2  b 
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in  each  case  taken  one  minnte  after  the  application  of  the 
battery. 

Teznperatuxe. 

tie^c. 


Position  of 

Galvamometer- 

plates. 

deflection. 

( 

642 

I.K  \ 

640 

li    1 

622 

n    1 

634 

11.  K  \ 

643 

(-  - 

647 

} 


16^0. 


Two  sets  of  experiments  in  the  reverse  order  were  taken  to 
eliminate  any  change  that  might  take  place  in  the  deflection 
from  weakening  of  the  battery^  or  from  polarization  of  the 
plates^  or  from  set  of  the  galvanometer-fibre.  The  constant 
distance  between  the  centres  of  the  plates  was  now  diminished 
to  20  centimetres^  when  the  following  results  were  obtained, 
the  j^  shunt  being  employed. 

Position  of  Galvanometer-      m«.„^^x„,^ 

plates.  deflection.  Temperature. 

(\        \  245  -V 

m. -j\     \  291  V16^C. 

l_    _  304  3 

IV.  K     \  285  V16^C. 

til  239  J 

Both  therefore  at  the  greater  and  at  the  less  distance  the 
resistance  is  least  when  the  platinum  plates  are  edge  on ;  a 
result  that  could  hardly  have  been  expected  for  the  longer 
distance,  considering  that  the  width  of  each  plate  was  only 
about  6  centimetres. 


March  1,  1878. 

In  the  following  experiments  one  plate  only  was  turned. 
The  galvanometer  had  about  the  same  sensibiUty  as  before. 
The^p^  shunt  was  used    when    the    distance  between  the 
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centre  of  (he  plates  was  90  oentimetres,  and  the  ^^  shunt 
when  it  was  20  centimetres.  An  electromotive  force  of  3'8 
volts  was  employed  in  each  test. 


Distance  between  the  centres  of  the  plates  90  centimetres. 

rition  of         GalTanome 
plates.  deflectiot 

I       I  633 


Poeition  of         GalTanometer-      t^^.^^* 

plates.  deflection.         Temperature. 


{II  OM  -J 

I       \  634  J. 

I      —  637  J 

r\      -  660  ^ 

i   I      \  655  \ 

III  651  ) 


15°  C. 


Distance  between  (he  centres  of  the  plates  20  centimetres. 

Vn.  ^   I      \  368  J-15<'C. 

(  I       I  358  3 


Battery  reversed. 
I       I  208 

Vm.  -JIN  211 

I       I  229 


{ 


Here  again,  then,  the  resistance  is  least  with  the  plate  end 
on^  even  when  the  distance  between  the  centres  of  the  plates 
is  as  much  as  80  centimetres. 

This  apparent  anomaly  of  the  smaller  resistance  obtained 
when  one  or  both  plates  is  pat  end  on  is^  as  was  pointed  ont 
by  Mr.  Boys,  probably  due  to  the  smaller  density  of  the  gas 
which  is  deposited  on  a  plate  when  it  is  put  end  on  (in  conse- 
quence of  the  current  flowing  from  both  sides  of  the  plate  into 
ilie  liquid  under  these  circumstances)  more  than  compensating 
for  the  want  of  parallelism  of  the  lines  of  flow  when  one  or 
both  of  the  plates  are  put  end  on. 


Digitized  by 


Google 


Digitized  by 


Google 


Proc.  Phys.  Soc .  Vol,  J.  PI  .X 


"^ 


[^t 


K,^.    1. 


E^ 


:Aa 


Fi  g.    3. 


^c-E 


Fi^.    4. 


WINDING   Electromagnets'! 

CURVES       BCTWeCN 
TANGENT  OF   OCFLECTION  Of  NEEDLE  AND 
DISTANCE    or  CORE    FNOM   NEEDLE. 


1  1-5  2  25 

HORIZONTAL    SCALE 


3  3-5  4  4<S  5  &-5  fi 

TANGENT    Or     DEFLECTION    OF    NECOLE. 
Fig.   6 

Mitttex-n  Broo  lith 
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'winding   Electromagnets.'' 
unes  of  force  as  shown  by  iron  filings. 


N*6. 
WOUND  REGULARLY     OVER  WHOLE  LENGTH. 


N?  7. 
WOUND    CONED    TOWARDS  EAOH    END. 


N?  6. 
WOUND  REGULARLY  OVER  HALF    LENGTH. 


WOUND    CONED     OVER    HALF    LENGTH. 


Mr -tern  Bros  lith 


Digitized  by 


Google 


Digitized  by 


Google 


Proc.  Phys .  Soc .  Vol.  5.  PL  XII. 


«. 


•  0  e  • 

G  e  •  G  e  •  G  e 
•  G  e  •  G  e  • 


Fig.  2. 


Mini  em  Bros  lith 


Digiti 


zed  by  Google 


Digitized  by 


Google 


Proc.  Phys .Soc.  Vol.  5. PLXlll 


10.000  Ohm» 


Fig.  2 
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XXXV.  Description  of  an  Apparatus  to  illustrate  the  Produ(y 
Hon  of  Work  by  Diffusion.    By  C.  J.  Woodwakd,  B.Sc* 

Diffusion,  as  a  source  of  energy,  is  usually  shown  in  the 
lecture-room  by  bringing  a  jar  of  hydrogen  over  a  porous 
vessel  fitted  up  with  a  glass  tube  dipping  into  water.  Hy- 
drogen, by  inward  diffusion,  enters  the  jar;  the  internal  pres- 
sure thus  produced  forces  the  water  down,  and  a  stream  of 
bubbles  escapes  from  the  tube.  On  removing  now  the  jar  of 
hydrogen,  outward  diffusion  of  the  hydrogen  takes  place,  a 
minus  pressure  is  produced  in  the  porous  vessel,  and  the  water 
is  lifted. 

The  apparatus  I  am  about  to  describe  is  an  adaptation  of  this 
experiment  to  the  production  of  an  oscillatory  movement  of  a 
beam  from  alternate  inward  and  outward  diffusion  of  hydrogen. 

The  apparatus  is  represented  in  the  annexed  figure.  A  A 
is  a  scale-beam  about  8  feet  long,  carrying  at  one  end  a  scale- 
pan  and  counterpoise,  B,  and  at  the  other  the  porous  jai*,  C, 
fitted  with  a  cork,  and  a  glass  tube  c  which  dips  into  a  gas-jar, 
D,  containing  water  or  methylated  spirit.  Three  or  four  glass 
jets,  of  which  one  is  shown  at  E,  are  supported  in  a  horizontal 
position,  and  the  opening  of  each  jet  is  placed  as  near  as  pos* 
sible  to  the  porous  vessel  without  touching  it  during  the  oscil-* 

•  JRead  May  12,  1883. 
VOL.  V.  2  0 
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latioDs  of  the  beam.     These  jets  are  connected  by  means  of  a 
flexible  tube  with  a  gas-holder  containing  hydrogen;  the  bell  of 


the  holder  being  loaded  so  as  to  force  the  hydrogen  in  a  gentle 
stream  against  the  sides  of  the  porous  vessel.  The  best  position 
for  the  jets  is  found  by  trial;  but  usually  I  place  them  a  little 
below  the  middle  of  the  porous  jar  when  the  beam  is  horizontal. 
The  action  of  the  apparatus  is  simple.  On  turning  on  the  hy- 
drogen, inward  diffusion  takes  place,  producing  plus  pressure 
within  the  jar;  this  pressure  is  resisted  equally  in  all  direc- 
tions but  the  vertical,  and  in  this  direction,  owing  to  the  little 
friction  of  the  water,  movement  takes  place,  and  the  jar  rises. 
When  the  jar  has  risen  above  the  jets,  inward  diffusion  dimi- 
nishes, or  perhaps  ceases,  while  outward  diffusion,  of  the  hy- 
drogen commences ;  a  minus  pressure  is  thus  produced  in  the 
porous  vessel,  and  the  external  pressure  of  the  air  causes  it  to 
descend.  •  This  descent  brings  the  jar  again  opposite  the  jets, 
when  the  series  of  movements  again  begins. 

The  work  done  with  this  arrangement  is  very  small,  and 
falls  far  short  of  the  theoretical  value*.     For  the  best  effect 

•  *'The  work  that  may  be  done  during  the  mixing  of  the  volumes  v^  and  v^ 
.  of  two  different  gases  is  the  same  as  that  which  would  be  gained  during  the 
expansion  of  the  first  gas  from  volume  v^  to  volume  v^-i-v^  together  with 
the  work  gained  during  the  expansion  of  the  second  gas  from  r^  to  v^-^-v^, 
the  expansion  being  supposed  to  be  made  into  vacuum."  See  a  paper  by 
Lord  Rayleigh  in  the  Phil  Mag.  [4]  xlix.  p.  311. 
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the  jar  shonld  be  sarronnded  by  bjdrogeu  for  inward  difiiision 
to  take  place,  and  subsequently  the  connexion  with  the  hydro- 
gen should  be  completely  cut  o£P  and  air  take  its  place.  I 
have  tried  to  devise  some  water-seal  arrangement  by  which 
the  flow  of  hydrogen  could  be  turned  off  and  on  at  the  right 
moments  by  the  movement  of  the  beam;  but  have  not  suc- 
ceeded, as  the  friction  thus  introduced  would  be  more  than 
the  movement  of  the  beam  could  overcome.  In  the  arrange- 
ment exhibited  there  is  a  considerable  waste  of  energy  due  to 
the  imperfect  cut-off  of  the  hydrogen,  even  when  the  flow 
of  gas  has  been  regulated  so  as  to  obtain  the  maximum  effect 


XXXVI.  Experiments  on  the  Velocity  of  Sound  in  Air, 
By  D.  J.  Blaikley*. 

The  method  of  experiment  which  I  venture  to  bring  before 
you  this  afternoon  is  the  outcome  of  various  attempts 
made  by  me  to  determine  with  greater  accuracy  than  had 
hitherto  been  done  the  velocity  of  sound  in  small  tubes,  such 
as  are  used  for  musical  instruments;  in  addition  to  which 
practical  purpose  the  idea  presented  itself  to  my  mind  that,  if 
a  series  of  tubes  were  taken,  having  their  diameters  in  a 
definite  ratio,  the  observed  results  might  by  calculation  be 
extended  so  as  to  include  a  value  for  a  tube  of  infinite  dia- 
meter, that  is  for  free  air.  Some  of  the  results  were  brought 
before  the  Musical  Association  in  June  last ;  but  the  experi- 
ments have  since  been  repeated  with  greater  accuracy. 

It  will  not  be  necessary  to  take  up  your  time  by  referring 
to  more  than  a  few  of  the  many  determinations  that  have  been 
made.  A  useful  summary  was  given  by  Mr.  Bosauquet  in  the 
'  Philosophical  Magazine  '  for  April  1877;  but  we  may  note 
that  only  those  observations  in  which  corrections  both  for 
temperature  and  for  moisture  have  been  made  can  be  con- 
sidered at  all  accurate. 

Such  corrections  being  made,  there  remained  at  the  time  of 
Regnault's  great  series  of  experimentsf  considerable  differences 
in  the  results  arrived  at  by  different  observers,  partly  due, 

•  Read  November  10, 1883. 
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doubtless,  to  errors  of  observation  and  partly  to  an  assumption 
of  the  absolute  correctness  of  Laplace's  formnla,  the  theory  in 
the  application  of  which  is  that  the  excess  of  pressure  in  the 
wave  above  the  barometric  pressure  of  the  air  is  infinitely 
small. 

Experiments  on  the  velocity  of  sound  may  be  classed  as 
open-air  experiments  and  laboratory  experiments ;  and  I 
venture  to  think  that  the  latter  offer  advantages  which  cannot 
be  enjoyed  in  open-air  work.  The  usual  method  in  the  open 
air  has  been  for  an  observer  at  a  distance  from  a  gun  to  note 
the  time  which  elapses  between  the  flash  and  the  hearing  of 
the  report ;  but  even  when  the  actual  record  of  the  time  is 
aided  by  electrical  or  other  apparatus,  some  difficulties  and 
sources  of  error  remain.  For  instance,  the  accurate  repstra- 
tion  of  temperature  and  moisture  is  difficult,  especially  when 
the  sound-wave  passes  at  various  heights  above  the  earth's 
surface,  as  is  the  case  when  the  experiment  is  carried  out  on 
two  hills  separated  by  a  valley. 

Many  of  these  gun-fire  determinations  were  critically  exa- 
mined by  Le  Roux*,  and  an  estimated  correction  made  for 
errors  in  temperature,  the  readings  having  been  in  all  proba- 
bility too  high  for  air  some  metres  above  the  ground. 

Midway  in  character  between  open-air  and  laboratory  expe- 
riments stand  those  of  Regnault,  carried  out  in  gas-  and  water- 
mains  ;  one  of  his  reasons  for  choosing  this  method  being  the 
facility  afforded  by  these  tubes  for  the  accurate  observation 
of  temperature  and  moisture.  Passing  by  his  work  for  the 
moment,  we  may  note  the  laboratory  method  employed 
by  Kundt,  and  also  Le  Eoux's  method,  the  latter  giving 
330*7  metres  at  0°  C.  Kundt's  method  consists  in  its  best 
foim  in  the  use  of  two  glass  tubes  connected  by  a  smaller 
tube  or  rod  of  glass,  wood,  or  metal,  this  connecting-rod  being 
clamped  in  certain  positions  to  establish  nodes,  and  its  free 
vibrating  ends  being  fitted  with  pistons  working  in  the  large 
tubes.  The  waves  are  excited  by  friction  in  the  vibrating  rod 
and  transmitted  therefrom  to  the  air  or  other  gas  in  the  tubes, 
and  the  successive  half-wave  lengths  are  registered  by  the 
positions  assumed  by  lycopodium  dust  during  the  vibration. 
By  using  tubes  of  different  diameters  he  obtained  the  results 

•  Arm.  de  Chimie,  ser.  4,  torn.  xii.  Nov.  1867. 
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shown  in  Table  L,  and  came  to  the  conclnsion  that  the  velo- 
city  observed  in  his  largest  tube  was  not  appreciably  diiFerent 
from  the  velocity  in  free  air.  He  appears,  however^  to  have 
experienced  some  difficulty  in  the  determination  of  pitch, 
owing  to  the  evanescent  character  of  the  sound.  The  intensity 
also  was  not  registered.  The  method  is  beautifully  adapted 
for  comparative  rather  than  for  absolute  results. 


Table  I. 

Velocity  of  Sound  in 

Tubes,  in  metres 

per  second,  at  0°  0 

Diameter 
of  tube, 
millim. 

(Kundt.) 

Velocity, 
metre. 

Difieience. 
metre. 

55 
26 
13 

332-80 
332-73 
329-47 

•07 
2-26 
6-47 
7-58 

6-5 

323-00 

3-5 

305-42. 

Le  Boux's  method  consisted  in  employing  a  U-shaped  tube, 
0*07  metre  (70  millim.)  diameter,  closed  by  a  membrane  at  each 
end.  One  membrane  was  tapped  with  a  small  beater,  and  the 
time  occupied  by  the  resulting  wave  in  travelling  between  the 
two  membranes,  as  indicated  by  the  disturbance  of  the  second 
one,  was  registered.  It  appears  to  me,  however,  that  the  em- 
ployment of  membranes  may  introduce  a  source  of  error  in  this 
way: — ^Let  A  B  be  a  tube  closed  by  a  rigid  material  at  one 
end,  and  of  a  length  to  give  the 

maximum  resonance  to  a  quarter- 2- 

wave.     Now,  instead  of  the  rigid 

end,  let  the  tube  be  closed  by  a 

membrane:  this  will  require  to  be  in  the  position  C,  t.  e.  nearer 

to  A  than  B  is,  the  exact  position  depending  upon  the  tension 

of  the  membrane.     In  Le  Boux's  experiments,  unless  the  two 

membranes  were  of  exactly  the  same  tension,  a  source  of 

error  would  be  introduced. 

We  may  now  turn  to  Regnault^s  experiments,  a  summary, 
of  which  is  here  given. 
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Table  II. 

Velocity  of  Sound  in  Tubes,  in  metres  per  second,  at  0°  0. 
(Regnault.) 


Diameter 

Velocity 

Vekxaty 

of  tube. 

(mean). 

(limiting). 

tnillim. 

metres. 

mettea. 

1100 

330-5 

330-3 

300 

330-3 

329-25 

108 

327-52 

324-25 

Free  air. 

330-71 

330-60 

The  one  point  which  appears  to  me  to  be  open  to  question 
is  whether  the  rate  of  diminution  of  velocity  is  so  great  as  his 
work  appears  to  prove;  for  if  this  rate  of  diminution  is  ex- 
tended until  we  reach  tubes  of  the  size  used  in  musical  instru- 
ments, we  should  have  a  velocity  much  less  than  experiments 
show  to  exist  in  such  tubes  (compare  with  Kundt).  Probably 
the  want  of  perfect  smoothness  in  Begnault's  tubes  may  account 
for  some  of  the  difference ;  but  I  think  that  it  is  doubtful 
whether  the  influence  of  the  membranes  closing  his  tubes  was 
thoroughly  allowed  for,  and  feel  that  the  question  is  still  an 
open  one. 

It  haB  long  appeared  to  me  that  useful  results  might  be 
obtained  by  making  use  of  tubes  giving  musical  notes,  as  the 
pitch  of  a  steadily  sounding  note  can  be  readily  determined 
within  a  remarkable  degree  of  accuracy,  and  there  should  be 
no  difficulty  in  determining  the  temperature  within  half  a 
degree  Fahr.,  which  is  equivalent  to  6  inches  in  the  velocity. 
(Experiment — Resonance  of  closed  tube  to  fork  of  512  vibra- 
tions, the  length  of  the  tube  being  modified  during  the  expe- 
riment to  show  both  the  maximum  and  constrained  or  imperfect 
resonance.)     (See  paper  in  Phil,  Mag.  for  May  1879.) 

Modifying  this  experiment  by  sounding  the  tube  with  an 
organ-pipe  mouth,  the  disturbing  influence  of  the  contraction 
of  area  at  the  lip  comes  into  play  in  addition  to  the  correction 
for  the  open  end  ;  so  that,  although  the  value  of  the  latter  is 
pretty  accurately  known,  no  measurement  of  velocity  based 
merely  upon  the  length  of  a  pipe  is  at  all  reliable.  By  adding, 
however,  a  half-wave  or  wave-length  to  a  stopped  pipe,  main- 
taining ihe  original  pitch,  and  measuring  this  added  length, 
I  hoped  to  be  able  to  get  reliable  results.     The  observations^ 
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though  agreeing  very  well  indeed  so  long  as  the  pressure 
remained  constant,  did  not  agree  in  their  different  series  when 
taken  under  very  slight  differences  of  pressure,  much  less  than 
would  cause  sensible  variation  through  change  of  intensity, 
according  to  Begnault's  determinations. 

To  properly  understand  the  causes  of  these  variations,  it 
wiU  be  necessary  to  examine  some  of  the  results  of  imperfect 
or  constrained  resonance,  and  consider  the  separate  and  con- 
joined influences  of  (1)  the  blast,  air-reed,  or  inducing  current; 
(2)  the  prime  tone  of  the  resonating  air-column;  and  (3)  the 
higher  or  partial  tones  sounding  with  the  prime;  the  pitch  of 
the  resultant  note,  or  alternating  induced  current,  depending 
upon  the  values  of  these  three  forces,  which  have  a  power  of 
mutual  influence  within  certain  limits.  The  subject  presents 
itself  to  my  mind  in  the  following  way  : — 

In  the  figure,  let  the  blast  from  A  cause  the  quarter-wave 
length  of  pipe  AB  to  speak  a  note  of  a  certain  pitch,  say  105 
vibrations,  and  let  BC  be  the  half  wave-length  of  pipe  added 
to  AB ;    the  three-quarter  wave-length  AC  being  tuned  to 


_       I 

speak  the  same  note  as  AB.  Assuming  values  in  four  typical 
cases,  we  obtain  the  following  results  (p.  324),  in  working  out 
which  arithmetical  means  instead  of  mean  proportionals  have 
been  taken  for  the  sake  of  numerical  simplicity,  although  per- 
haps the  latter  would  be  more  correct. 

In  Cases  1  and  2  the  length  NN^  is  the  true  length  of  a 
half-wave  of  105  vibrations.  In  (1)  the  position  of  N  (the 
node)  would  remain  unchanged  on  the  addition  of  the  half- 
wave  ;  but  in  (2)  the  three-quarter  wave  would  be  of  106§, 
and  N  would  change  its  position  to  N'^:  this,  however,  would 
introduce  no  error  in  the  result,  for  3(106§)-110=2  x  105, 
the  length  for  half-wave  as  determined  by  the  positions  of 
N  and  N^ 

In  these  two-cases  it  is  assumed  that  the  first  quarter-wave 
has  equal  constraining-power  with  the  added  quarters ;  but 
this  is  not  strictly  correct  for  cylindrical  organ-pipes,  in  which 
the  first  quarter-wave  is  shortened  and  the  mass  in  vibration 
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reduced,  through  the  contraction  of  the  opening  at  the  speak- 
ing end.  The  tendency  of  this  would  be  to  influence  the 
results  as  shown  by  Case  3,  where  the  first  quarter-wave  is 
assumed  to  have  a  mass  of  §  instead  of  unity,  and  in  which 
the  measured  length  would  be  represented  by  3(107  J)— 115 
=207i,  whereas  it  should  be  2  x  105  =  210. 

In  Case  4  (a),  suppose  the  point  N  to  have  been  determined 
for  the  pitch  as  heard,  105,  with  a  quarter  wave-length  of  tube. 
A  half-wave  is  added,  and  tuned  to  the  original  pitch,  =  105, 
and  NN^  is  taken  as  its  measure  of  length.  This  is  correct  if 
the  relative  strength  of  the  partials  remains  the  same  ;  but  if 
a  modification  such  as  (b)  takes  place,  the  third  partial  falling 
to  half-strength,  the  position  of  N  as  observed  would  no  longer 
be  correct  for  a  pitch  of  105  but  only  for  a  pitch  of  103J.  A 
further  complication  would  arise  in  this  case,  through  the 
introduction  of  the  point  considered  in  Case  3. 

To  eliminate  these  sources  of  error,  one  of  two  things  must 
be  attained  :  we  must  either  deal  with  pure  tones  or  be  careful 
to  have  resonating  pipes  of  such  form  as  to  have  their  various 
proper  tones  strictly  in  accord  with  the  harmonic  series,  and 
not  merely  approximately  as  is  the  case  with  organ-pipes; 
and  in  either  case  be  careful  that  the  blast  is  of  exactly  the 
power  to  give  the  desired  note  without  constraint. 

The  tubes  with  which  I  experimented  were  of  four  dia- 
meters— '45,  '75,  1*25,  and  2*08  inches  respectively  (11'7, 
195,  32'5,  and  54*1  millim.).  After  detecting  the  possible 
sources  of  error  which  have  just  been  described,  and  trying  a 
few  modifications  of  the  ordinary  organ-pipe,  the  speaking 
ends  or  first  quarter-wave  lengths  of  the  tubes  were  modified 
in  form  from  cylindrical  to  pear-shaped,  approximating  to  the 
shape  of  Helmholtz^s  resonators,  and  by  this  means  a  pure  tone 
was  obtained.  The  blast  was  obtained  from  a  fan,  the  wind 
from  which  passed  through  a  regulating  bellows  with  automatic- 
valve  action,  and  it  was  found  that  great  care  was  necessary 
on  this  point.  The  pressure  in  the  bellows  was  2*5  inches  of 
water,  and  in  the  speaking  mouth  in  every  case  very  small. 

The  t.emperature  was  observed  by  means  of  a  thermometer 
entering  the  tube,  so  that  the  actual  temperature  during 
vibration  might  be  recorded.  The  wet-bulb  temperature  and 
barometric  pressure  were  also  taken   for  moisture  correc- 
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tion.  The  pitch  was  taken  from  a  carefhlly  tested  Koenig 
fork  of  256  vibrations,  and  the  tubes  were  set  to  give  a  beating 
rate  of  about  4  per  second,  the  lengths  being  read  by  a  micro- 
meter and  standard  rods.  All  the  notes  were  exceedingly 
feeble,  the  pressure  in  the  mouth  being  less  than  -^  inch  of 
water,  much  under  the  lowest  which  Begnault  found  to  in- 
fluence the  velocity. 

The  results  are  given  in  the  following  Table: — 

Table  III. 
Velocity  of  Sound  in  dry  air,  at  0°0.,  in  tubes. 


Diameter  of  " 
tube   ; 

11-7  millim. 

19-5  miUim. 

32-5  milUm. 

64-1  millim. 

32709 

328-72 

329-90 

32714 

328-74 

829-82 

326-98 

328-78 

329-84 

32670 

328-72 

329-70 

327-09 

328-72 

329-96 

326-69 

328-89 

329-80 

326-99 

328-76 

329-63 

326-79 

328-84 

329-56 

320-70 

328-84 

329-65 

326-86 

328-83 

329-48 

Means    

324-66 

326-90 

328-78 

329-72 

Differences    ... 

234                 1-88                 0-1 

)     4 

I  found  it  very  difficult  to  get  observations  with  the  tube  of 
11*7  millim.  diameter.  Very  many  trials  were  made;  and 
although  the  best  single  observation  gave  324*78,  I  have 
reason  to  think  that  the  mean  value  324*56  is  too  high.  I 
hope  yet  to  verify  it,  and  also  to  continue  experiments  with  a 
tube  90*2  millim.  diameter. 

There  is  one  point  connected  with  the  velocity  of  sound 
which  appears  to  require  elucidation,  and  that  is,  the  modifi- 
cation it  may  undergo  near  its  point  of  origin  ;  for  the  waves 
which  aflTect  us  as  sound  are  usually  not  plane-waves,  but 
emanate  from  an  origin  which  more  or  less  nearly  approaches 
a  point — ^this  point  being  the  centre  of  a  system  of  spherical 
waves. 

We  may  refer  to  the  vibration  in  conical  tubes  as  bearing 
upon  this  point.  A  complete  cone,  speaking  its  lowest  note, 
with  its  apex  or  closed  end  for  the  position  of  the  node,  is  of 
twice  the  length  of  a  closed  cylindrical  tube  of  the  same  pitch, 
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and  has  the  same  sncoession  of  hannonics  as  the  open  cylin- 
drical tube  (see  Phil.  Mag.  August  1878).  This  property  is 
independent  of  the  proportion  of  base  to  height  in  the  cone; 
and  if  we  assume  the  base  of  the  cone  to  be  a  portion  of  a 
spherical  surface  described  from  the  apex,  we  may  continually 
increase  the  conical  angle  until  the  cone  becomes  a  sphere. 
Now,  if  we  consider  the  effect  of  this  principle  and  apply  it  to 
divergent  waves,  it  will  be  found  that  such  waves  cannot  have 
exactly  the  same  velocity  for  all  pitches,  but  that  the  lower 
the  pitch  the  greater  will  be  the  velocity,  owing  to  the  differ- 
ence of  velocity  between  the  first  and  succeeding  quarter- wave 
lengths.  To  take  a  numerical  example,  we  may  choose  two 
wave-lengths  of  32  feet  and  8  feet  respectively: — 

Quarter- wave  lengths.  Excess  in 

Cylinder.  Cone.  Cone. 

32-ft.  wave  ...  8  ft.  16  ft.  8  ft. 

8-ft.  wave  ...  2  ft.  4  ft.  2  ft. 

Difference  ....     6  ft. 

Or,  if  we  assume  a  velocity  in  free  air  (away  from  origin  of 
vibrations)  of  1120  feet  per  second,  we  shall  have: — 

Velocity  of  sound-wave  of  any  pitch,  not  including 

first  quarter-wave 1120  ft. 

Velocity  of  8-fl.  wave,  or  wave  of  140  vibrations 

measured  from  apex  of  cone,  1120  +  2     .     .     .    1122  ft. 

Velocity  of  32-ft.  wave,  or  wave  of  35  vibrations 

measured  from  apex  of  cone,  1120+8     .     .     .    1128  ft. 

We  thus  find  that  waves  near  their  origin  are  not  of  normal 
length. 

In  gun-fire  experiments  the  pitch  of  the  explosion  is  not 
known,  and  there  may  therefore  be  a  variation  in  the  recorded 
velocities  which  is  due  simply  to  an  effect  of  conical  or 
spherical  divergence.  If,  in  addition  to  the  corrections  made 
by  Le  Roux  for  temperature,  some  of  the  gun-fire  experiments 
were  submitted  to  a  correction  of  this  nature,  the  discrepancies 
would  probably  be  much  reduced. 
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XXXVII.  On  tlie  Purification  of  Mercury  by  Distillation  in 

vacuo.      jBy  J.  W.    Clakk,  Demonstrator  of  Physics  in 

University  College^  Liverpool, 

[Plate  XIV.] 
The  usual  processes  for  the  purification  of  considerable  quan- 
tities of  mercury  may  be  roughly  classed  as  (i.)  chemical 
{e.g.  treatment  with  dilute  NOs(HO),  CrOsCHO)^,  Fej|Cl«, 
S0s(H0)3,  and  S02(Hg02),  &c.);  (ii.)  mechanical  (e.g. 
shaking,  filtering  through  wash-leather,  Ac.) ;  and  (iii.)  distil- 
lation. The  last-named  process  may  be  conducted  either  in 
vacuo  or  under  the  ordinary  pressure. 

Of  these  processes  distillation  in  vacuo  is  in  all  respects  the 
simplest  and  most  satisfactory.  Preparatory  to  distillation 
the  mercury  may  be  advantageously  filtered  through  a  writing- 
paper  cone  with  a  very  small  orifice  at  the  apex ;  and  when 
considerable  quantities  of  lead  or  zinc  are  present,  the  distilla- 
tion in  vacuo  may  be  hastened  by  their  previous  removal  by 
one  of  the  usual  chemical  methods.  It  is  stated  that  the  pre- 
sence of  xoi^^  part  of  lead  reduces  the  amount  of  mercury 
distilled  in  a  given  time  from  67  to  65*.  Gold,  iridium,  silver, 
copper,  tin,  nickel,  cadmium,  and  arsenic  do  not  influence  the 
rate  of  distillation  f. 

The  distillation  of  mercury  under  the  ordinary  pressure  is 
too  inconvenient  a  process  to  be  ordinarily  used  in  laboratories; 
not  so,  however,  at  a  temperature  of  180°-200°  C.  in  vacuo. 
The  first  apparatus  for  this  purpose  was  described  by  Wein- 
holdj,  and  since  then  Weber  §  and  A.  W.  Wright  ||  have  de- 
scribed other  forms.  The  form  shown  in  section  in  fig.  1 
(Plate  XIV.)  differs  from  all  the  preceding  chiefly  in  being  sup- 
plied with  the  mercury  to  be  distilled  from  a  movable  reservoir 
(in  the  form  of  a  constant  level  regulator ^  fig.  2),  the  raising 
of  which  fills  the  distiller  with  mercury,  which  thus  renders 
a  Sprengel-pump  unnecessary  to  set  it  in  action.  It  is  hoped 
moreover  that  its  simplicity  and  efficiency  and  the  ease  with 
which  it  can  be  made  may  render  its  description  useful. 

♦  Gmelin-Kraut,  Hdh,  der  Chemie^  Bd.  iii.  Abth.  i,  S.  740,  Gte  Aufl. ; 
Millon,  Am,  Chim.  Phys.  [3]  xviii.  p.  337. 
t  Gmelin-Kraut,  loc.  cit, 

X  Progr.  d,  k.  GeiDerhach,  zu  Chemnitz,    Eep,fiir  Physik,  Bd.  xv.  S.  1. 
§  im.  Bd.  XV.  S.  62.  II  Chem.  News,  1881,  p.  311. 
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The  distiller  consists  of  a  lead-glass  tabe^  a  b  (fig.  1)^  36 
inches  long^  and  aboat  ^  of  an  inch  in  internal  diameter. 
A  bnlb  of  about  two  inches  diameter  is  blown  two  inches 
from  its  closed  upper  end.  The  lower  end  passes  air-tight 
through  a  well-secured  india-rubber  cork  which  closes  the  top 
of  the  cistern  d  c,  and  terminates  at  6  a  little  below  the  tube/. 
The  cistern  (d  q)  is  made  from  a  piece  of  glass  tube  1  inch 
in  diameter  and  from  8  to  12  inches  long,  with  two  short 
pieces  of  quill-tubing,  e  and/,  sealed  into  it.  The  lower  end 
is  also  securely  closed  with  a  cork  through  which  passes  a 
piece  of  ordinary  Sprengel-tube,  t,  36  inches  long,  with  a 
piece  of  quill-tubing.  A,  about  24  inches  in  length,  fused 
onto  the  upper  end.  The  top  of  this  tube  is  nearly  in  contact 
with  a.  The  internal  diameter  of  the  Sprengel-tube  should 
not  much  exceed  1  millim.,  and  the  bend  at  its  lower  end  is 
best  when  not  much  more  than  one  inch  in  radius.  Instead  of 
india-rubber  corks,  ordinary  corks  soaked  in  melted  paraffin 
or  covered  with  sealing-wax  may  be  used,  but  the  apparatus 
then  loses  in  flexibility. 

The  base  of  the  stand  consists  of  a  wooden  tray,  C  D,  from 
which  rises  a  stout  board,  D  E,  carrying  a  shelf,  AE,  perforated 
in  the  centre  with  a  hole  of  sufficient  size  to  allow  the  glass 
bulb  to  pass  through  it.  In  the  Physical  Laboratory  of  Uni- 
versity College  the  board  D  E  which  carries  the  distiller  is 
fixed  to  the  wall  over  the  mercury  table.  This  renders  the 
tray  C  D  unnecessary.  A  large  cork,  F,  is  bored  with  a  hole 
of  rather  less  diameter  than  the  tube  a  6,  and  the  cork  is  cut 
in  halves.  By  placing  the  tube  in  the  positiort  shown  in  the 
figure  and  twisting  a  piece  of  copper  wire  round  the  periphery 
of  the  halves  of  the  cork,  the  tube  is  firmly  supported  on  the 
shelf.  The  cistern  is  secured  by  string  which  passes  through 
holes  in  the  projecting  piece  of  wood,  B.  A  block  of  wood 
may  be  placed  as  a  support  for  the  end  of  the  tube  i.  A  tin 
cylinder,  slightly  notched  round  the  top  and  covered  with  a 
flat  tin  plate,  keeps  the  bulb  surrounded  with  hot  air,  whilst 
a  mica  window  at  the  side  allows  the  height  of  the  mercury  in 
the  bulb  to  be  easily  seen.  The  pipe  of  the  brass  ring-burner 
passes  through  a  hole  in  the  tin  case.  The  diameter  of  the 
ring  is  about  half  an  inch  greater  than  that  of  the  glass  bulb, 
and  on  the  inner  side  it  has  a  larg^  number  of  very  small  Iwles, 
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The  oonstantr-level  reservoir  (fig.  2)  ia  made  from  a  large 
bottle  provided  with  a  tubulure  at  the  side.  Into  this  passes 
(through  a  cork  if  the  tubulure  be  sufficiently  wide — if  not, 
cemented  in  with  sealing-wax)  a  glass  tube,  K,  about  3  inches 
in  length  and  ^  inch  in  diameter.  Its  outer  end  is  closed, 
and  into  the  upper  and  under  sides  are  sealed  two  pieces  of 
quill-tubing,  I  and  j>  The  top  of  the  upper  one  is  open,  but 
tiie  lower  (j)  is  connected  with  the  cistern  of  the  distiller  by 
a  narrow  piece  of  india-rubber  tubing,  mniy  about  3^  feet 
long,  enclosed  in  a  canvas  tube.  By  means  of  an  india- 
rubber  (or  paraffined)  cork  the  thistle-fiinnel  and  small  glass 
stopcock  are  fitted  air-4igkt  into  the  neck  of  the  bottle*. 
Thus  fitted,  the  reservoir  is  placed  on  an  ordinary  adjustable 
table-stand  on  the  shelf  H  (fig.  1).  To  set  the  distiller  in 
action,  open  the  stopcock,  S,  of  the  reservoir  and  pour  some 
of  the  mercury  to  be  distilled  through  the  thistle-funnel,  t, 
into  the  reservoir,  and  with  a  short  piece  of  india-rubber 
tubing  and  glass  rod  securely  close  the  tube  e  (fig.  1)  at  the  top 
of  the  cistern.  Then  raise  the  reservoir.  The  mercury  gra- 
dually rises  in  the  cistern,  and  by  compressing  the  air  in  the 
upper  part  is  forced  up  the  tube  a  6,  and  then  filling  the  bulb 
sprengels  down  the  tube  At.  The  reservoir  may  then  be 
lowered  on  to  its  stand  on  H  and  the  india-rubber  stopper 
removed  from  the  tube  e.  The  reservoir  is  set  in  action  by 
attaching  a  piece  of  india-rubber  tube  to  the  stopcock  S  and 
sucking  out  air  until,  passing  down  the  tube  2,  it  bubbles  up 
thr<}ugh  the  mercury  in  the  reservoir.  Then  close  the  stopcock, 
and  adjust  the  reservoir  at  such  a  height  on  its  stand  that  the 
mercury  is  nearly  at  the  topt  of  the  bulb  in  the  distiller.  If 
needful,  a  little  more  air  is  sucked  out  of  the  reservoir,  as 
before  described.  Thus  set  in  action,  the  level  of  the  mercury 
in  the  cistern  c  d  will  be  retained  constant  until  almost  the 

♦  So  perfectly  does  this  form  of  constant-level  dstem  work,  that  it 
seems  probable  that  it  may  prove  useful  for  other  purposes — c.  g,  keeping* 
a  Sprengel-pump  in  uniform  action  for  many  consecutive  hours  &c. 

t  The  vapour-tension  of  the  hot  mercury  will  depress  the  level  in  the 
bulb.  The  extent  of  this  depression  is  somewhat  dependent  upon  the 
height  of  the  gas.  On  this  account  a  simple  form  of  gas-pressure  regu- 
lator may  be  advantageously  used  with  this  apparatus.  In  another  con- 
nection I  hope  to  describe  a  pressure  regulator  of  very  convenient  construo- 
tion  for  this  and  other  purposes. 
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whole  of  the  contents  of  the  regulating  reservoir  have  been 
distilled. 

To  start  the  distillation^  remove  the  tin  plate  which  covers 
the  cylinder  (H)  and  light  the  gas.  Five  to  ten  minutes  later, 
suiBcient  mercury  will  have  distilled  over  to  have  entirely 
displaced  the  impure  mercury  originally  present  in  the  narrow 
Sprengel-tube  i. 

The  reservoir  can  be  replenished  with  mercury  without 
interrupting  the  distillation.  For  this  purpose  it  is  only 
necessary  to  place  a  screw  pinchcock  on  the  india-rubber  tube 
leading  to  the  cistern  of  the  distiller,  open  the  stopcock  S,  and 
pour  the  mercury  into  the  reservoir  through  the  funnel  t 
Then  suck  a  few  bubbles  of  air  out  of  the  reservoir,  as  before 
described,  close  the  stopcock,  and  release  the  screw-clamp  from 
the  india-rubber  tube.  The  level  of  the  mercury  in  the  dis- 
tiller will  remain  as  before. 

When  it  is  desired  to  empty  the  distiller  of  mercury,  air 
must  be  introduced  into  the  bulb  either  by  alternately  sucking 
and  blowing  through  a  piece  of  india-rubber  tubing  connected 
with  the  end  of  t,  or  by  disconnecting  the  india-rubber  tube 
leading  from  the  reservoir,  emptying  the  cistern  cd,  and 
cautiously  inclining  the  distiller  until  small  bubbles  of  air 
enter  at  the  end  of  the  tube  a  b  and  rise  into  the  bulb.  The 
mercury  then  sinks  into  the  cistern,  and  may  be  withdrawn 
through  the  tube/. 

The  Sprengel-tube  i  should  be  carefully  cleaned  and  dried 
before  putting  the  apparatus  together. 

The  first  time  of  using  the  distiller,  it  is  interesting  to 
observe  that,  as  the  tube  a  b  gradually  becomes  heated,  the  sur- 
face air-film  detaches  itself  from  the  glass  and  rises  into  the  bulb. 

The  quantity  of  mercury  distilled  by  an  apparatus  of  the 
size  and  form  here  described  is  about  2  lb.  an  hour:  very 
little  gas  is  used,  as  the  flames  should  be  less  than  a  quarter 
of  an  inch  high  and  never  allowed  to  come  in  contact  with  the 
glass  bulb.  For  commercial  purposes,  an  iron  mercury-bottle 
and  iron  gas-pipe  might  advantageously  replace  the  glass  bulb 
and  tube. 

It  seems  to  be  possible  that  the  latter  modification  of  the 
method  may  be  applicable  to  the  distillation  of  some  other 
metals,  such  as  zinc,  magnesium,  cadmium,  arsenic,  &c. 
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XXXVIII.   On  a  Method  of  determining  experimentally  the 
Constant  of  an  Electro-dynammneter.    By  A.  P.  Ohattock*. 

The  practical  importance  attaching  to  the  accurate  measure- 
ment of  electric  currents  is  daily  increasing  -with  the  extended 
use  of  electricity.  For  this  reason  I  venture  to  hope  that  the 
following  account  of  some  experiments  on  the  calibration  of 
an  electro-dynamometer  will  prove  interesting. 

The  twisting  moment  with  which  the  fixed  coil  of  an  electro- 
dynamometer  acts  on  the  suspended  coil  is  proportional  to  the 
product  of  the  strengths  of  current  flowing  through  the  two 
coils  respectively,  and  to  a  factor  which  depends  on  their  geo- 
metrical relations. 

If  a  current  be  sent  through  the  fixed  coil  and  the  suspended 
coil  be  allowed  to  rotate,  an  E.M.F.  is  set  up  in  the  latter 
which  is  at  any  instant  proportional  to  the  speed  of  rotation, 
to  the  strength  of  the  current  in  the  fixed  coil,  and  to  a  factor 
depending  on  the  geometrical  relations  of  the  two  coils. 

By  allowing  the  suspended  coil  to  rotate  about  its  axis  of 
suspension,  and  by  making  the  geometrical  factor  during 
rotation  the  same  as  afterwards,  when  the  coil  is  suspended  in 
its  place,  I  have  determined  the  constant  of  the  instrument 
upon  the  table. 

It  is  the  method  I  employed  in  doing  this  which  I  have  the 
honour  of  bringing  before  you  to-day.  The  diagram  shows  the 
arrangement  of  the  apparatus. 

F,  P  are  the  fixed  coils  of  the  dynamometer;  S  the  revolving 
coil  to  be  afterwards  suspended  within  them,  and  which  makes 
contact  once  in  every  revolution  with  M  and  N;  B  a  battery 
sending  a  current  C  through  the  coils  F  by  the  commutator  L. 
G  is  an  astatic  mirror-galvanometer  of  about  the  same  resist- 
ance as  the  coil  S;  and  R  is  the  resistance  between  M  and  N, 
adjustable  by  the  slider  M. 

Let  i  be  the  intensity  of  the  magnetic  field,  at  the  place 
where  S  revolves,  due  to  unit  current  in  the  fixed  coils  F; 
H  the  horizontal  intensity  of  the  earth's  magnetism  at  the 
same  place;  a  the  effective  area  of  the  coil  S;  and  k  a  factor 
depending  on  the  relative  positions  of  the  two  coils  when  the 

*  Read  November  24, 1883. 
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revolving  ooil  is  in  contact  with  M  and  N  through  Q.     ia-k  is 
then  the  geometrical  factor  referred  to  above. 


Suppose  the  coil  S  rotates  with  an  angular  velocity  w,  while 

a  current  of  strength  C  flows  through  the  fixed  coils.     An 

E.M.F.  is  set  up  in  S  equal  to 

Cwrwi  +  Ho-o)^/. 

If  the  resistance  R  between  M  and  N  be  now  adjusted  till  no 

current  flows  through  G,  this  E.M.F.  must  be  equal  to  the 

diflerence  of  potential  between  M  and  N  due  to  the  current, 

viz.  GB  ;  that  is, 

Cwra)A+H<r«Jfe'=CR. 

Gommutating  the  current  at  L  and  adjusting  R,  we  get 

-GtcrwA  +  HawA/  =  -  GR'; 

and  from  these  two  equations, 


uris 


r+r; 

2qi 


If,  as  is  desirable,  the  instrument  is  set  up  so  that  the  term 
depending  on  the  earth's  magnetism  vanishes,  we  have  simply 

C«r©*=GR; 
and  the  value  of  i<rk  being  obtainable  from  one  reading,  there 
is  no  error  due  to  variation  of  the  current. 

Having  thus  obtained  the  value  of  iak,  the  coil  S  is  sus- 
pended within  the  coils  F  so  that  its  axis  of  suspension  coin- 
cides  with  its  previous  axis  of  rotation;  and  by  means  of  sights, 
properly  adjusted,  it  is  brought  into  the  same  position  relatively 
to  F  as  it  occupied  when  making  contact  with  M  and  N. 

VOL  V,  ^  ^ 
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If  now  an  unknown  current  0  be  made  to  flow  through  the 
instrument^  and  the  electrical  burning  moment  of  the  sus- 
pended coil  be  opposed  by  an  equal  and  opposite  mechanical 
moment  T  in  the  suspension-springs,  we  have 

T=C2wrA  +  HC(7Jfe'; 

and  on  commutation  of  the  current, 

from  which 

where  T^  is  the  moment  due  to  unit  twist  on  the  springs,  and 
t  the  actiud  twist  on  them. 

Here,  as  before,  the  instrument  can  be  set  up  so  that  HCa*' 
vanishes,  and  a  value  of  the  current  can  be  obtained  in  one 
reading. 

The  absolute  value  of  Tq  can,  of  course,  be  found  accurately 
by  taking  the  time  of  vibration  of  a  mass  of  known  moment 
of  inertia  when  suspended  in  the  place  of  the  coil  S;  and  thus 
the  constant,  K,  of  the  instrument  can  be  determined. 


There  are  two  points  in  the  practical  carrying  out  of  this 
method  which  require  special  attention — ^the  prevention  of 
thermal  and  other  extraneous  currents  in  the  circuit  of  the 
revolving  coil,  and  the  keeping  its  speed  uniform  throughout 
each  revolution.  Success  in  both  tbese  cases  depends  chiefly 
on  the  manner  of  making  contact  between  the  revolving  coil 
and  the  points  M  and  N. 

In  my  first  experiments  with  the  instrument  I  allowed  the 
two  ends  of  the  revolving  coil  to  touch,  in  passing,  two  fixed 
wires  in  connexion  with  M  and  N.  After  calculating  a  con- 
stant, I  compared  the  instrument  with  the  very  accurate  tangent- 
galvanometer  belonging  to  University  College,  and  found  a 
difierence  of  6  per  cent,  between  tibem^  the  readings  on  mine 
being  the  lower  of  the  two. 

Thinking  that  this  discrepancy  might  be  due  to  the  speed 
at  the  moment  of  contact  being  greater  than  the  average  speed 
(which  was  all  that  could  be  measured),  and  that  this  difierence, 
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again,  might  be  dne  to  the  friction  of  the  contact  (as  well  as  of 
another  contact  used  for  counting  the  revolutioQs),  I  substituted 
contact-rollers  with  platinum  rims  for  the  fixed  wires.  The 
axles  of  these  rollers  were  vertical,  and  were  famished  at  their 
upper  ends  with  mercury-cups  into  which  dipped  the  wires 
connected  with  M  and  N.  This  was  to  avoid  thermal  currents. 
The  rollers  were  pressed  against  the  rim  of  an  ebonite  disk, 
fixed  coaxially  to  the  revolving  coil.  Into  this  rim  were  let 
two  pieces  of  platinum,  connected  with  the  ends  of  the  coil 
and  making  contact  with  the  rollers  as  they  passed  them.  The 
result  of  this  alteration  was  that  the  difference  between  the 
readings  of  my  instrument  and  the  tangent-galvanometer  was 
reduced  to  1*5  per  cent. 

I  have  not  been  able  to  experiment  further  in  this  matter ; 
but  I  believe  that,  by  substituting  for  the  rollers  an  arrange- 
ment of  light  levers,  by  which  a  bent  wire  could  be  lifted  in 
and  out  of  two  mercury-cups  witli  each  revolution  of  the  coil, 
thereby  making  and  breaking  contact,  a  still  greater  degree  of 
accuracy  should  be  attainable.  The  addition  of  a  fly-wheel  to 
the  coil  while  revolving  would  also  tend  to  keep  the  speed 
uniform. 

A  partial  explanation  of  the  disagreement  of  the  two  instru- 
ments may  be  found,  too,  in  the  fact  that  mine  is  home-made, 
and  therefore  not  so  well  finished  as  it  otherwise  might  be. 


With  the  aid  of  a  tangent-galvanometer  of  known  con- 
stant, the  dynamometer  can  be  calibrated  to  give  a  conve- 
nient absolute  measure  of  the  horizontal  intensity  of  a  magnetic 
field.  For  this  purpose  the  axis  of  the  suspended  coil  must 
be  at  right  angles  to  the  direction  of  the  magnetism. 

The  instrument  is  first  set  up  in  such  a  position  that  on 
sending  a  current  through  the  suspended  coil  alone,  no  deflec- 
tion is  produced.  It  is  then  turned  bodily  through  a  right 
angle  by  means  of  a  graduated  foot,  and  in  this  position  it  is 
connected  in  series  with  a  tangent-galvanometer  and  battery. 

Let  H  be  the  strength  of  the  field  at  the  place  where  the 
dynamometer  stands,  and  H'  the  same  where  the  tangent- 
galvanometer  stands.    Then,  for  a  current  G  sent  through  both 
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instruments  and  commutated,  we  get  from  the  dynamometer 
the  two  following  equations: — 

T=CPuri-fHC(7, 
from  which 

and  from  the  tangeni>-galyanometer  we  have 
C       tan^ 

Interchanging  the  two  instruments  and  repeating  the  expe- 
riment^ we  obtain  two  similar  equations  with  H  and  H'  inter- 
changed.    From  which 

c=  2^ ^/(T-T)(T'-T")  tan  5 .  tan  ff, 

where  every  thing  is  known,  the  values  of  C  and  C  being 
determinable  by  the  dynamometer  from  the  same  readings. 
(T  being  once  known,  the  horizontal  intensity  of  a  magnetic  field 
is  determinable  by  simply  setting  up  the  dynamometer  so  that 
the  axis  of  its  movable  coil  is  at  right  angles  to  the  meridian, 
as  described  above,  and  then  sending  the  same  current  through 
it  successively  in  both  directions,  the  equation  being 


2aG  ^T+t^ 

A  somewhat  different  use  of  the  dynamometer  for  the  same 
purpose  is  given  by  Kohlrausch  in  his  ^Physical  Measure- 
ments,' p.  180. 


In  conclusion  I  wish  to  thank  Prof.  Foster  for  his  kind- 
ness in  allowing  me  to  test  my  instrument  in  the  Physical 
Laboratory  at  University  College.  My  thanks  are  also  due  to 
Mr.  W.  S.  Grant  for  many  valuable  hints  on  the  construction 
of  the  instrument. 
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XXXIX.  On  certain  Molecular  Constants. 

By  Fredekick  Guthrie.* 

[Hates  XV.  &  XVL] 

Liquid  Slabs.     Metallic  Diffusion. 

§  1.  Liquid  Slabs. — ^When  a  little  liquid  is  poured  npon  a 
flat  horizontal  surface  ^hich  is  not  attacked  by  the  liquid,  a 
circular  disk  of  liquid  is  formed,  the  shape  of  the  edge  of 
which  has  been  very  fully  examined  by  Quincke  and  others. 
In  most  such  cases,  one  of  the  most  important  factors  is  the 
specific  relationship  in  the  sense  of  adhesion  between  the  solid 
and  the  liquid.  In  fact  the  question,  like  all  questions  of 
capillarity,  involves  density  (and  gravitation),  cohesion,  ad- 
hesion, and  surface-tension.  Such  experiments  show  the  rela- 
tionship between  two  bodies  as  well  as  the  physical  attributes 
of  one.  About  twenty  years  ago  I  made  an  attempt  to  get 
rid  of  the  factor  adhesion,  with  partial  success,  by  examining 
the  size  of  a  liquid  drop.  But  I  soon  found  that  other 
factors,  notably  the  shape  of  the  solid  bodies  from  which  the 
dropping  occurred,  and  the  rate  of  dropping,  introduced 
arbitrary  conditions  which  removed  the  measurements  from 
the  class  of  simple  physical  constants. 

§  2.  The  plan  adopted  in  the  following  experiments  is  the 
endeavour  to  support  a  mass  of  liquid  above  a  plane  surface 
in  such  a  way  that  no  actual  contact  ensues,  not  even  such  as 
takes  place  between  clean  glass  and  mercury.  If  such  can 
be  done,  it  is  clear  that  we  shall  have  a  circular  flat  slab  with 
rounded  edges,  and  into  the  shape  of  that  slab  the  influence 
of  adhesion  by  no  means  enters.  If  the  thickness  of  the  slab 
be  found  to  be  a  constant,  we  shall  have  a  constant  as  charao- 
teristic  as  density,  and,  like  density,  varjing  for  the  same 
mass  only  according  to  volume,  such  volume-change  in  our 
case  being  brought  about  by  heat  alone.  Such  slab-thickness 
has  for  its  negative  influence  the  action  of  gravity  (density), 
for  its  positive  the  cohesion  and  surface-tension. 

§  3.  The  actual  measurements  of  the  slab-thickness  I  have 
performed  in  two  ways  : — (1)  by  a  spherimeter  which,  when 
used  as  such,  gives  results  trustworthy  to  the  xxricG  ^^  ^^  inch. 

*  Commtmicated  to  the  Physical  Society  during  the  Session  188288. 
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But  the  upper  of  the  two  surfaces  whose  distance  has  to  be 
measured  being  liquid,  and  the  lower  one  not  very  hard,  the 
spherimeter  cannot  be  used  by  the  method  of  touch.  Accord- 
ingly I  have  measured  the  slab-thickness  indirectly.  A  known 
volume  of  the  liquid  is  poured  on  the  surface,  and  teased  into 
the  circular  form  if  it  shows  any  noticeable  departures  from  it. 
Four  or  five  diameters  are  measured  by  means  of  a  small  hori- 
zontal cathetometer.  The  mean  being  taken,  an  allowance 
has  to  be  made  for  the  meniscus.  This  reduces  the  shape  to 
the  cylindrical,  from  which  the  thickness  h  is  deduced  by 
means  of  the  equation 

§  4.  In  regard  to  the  actual  apparatus: — Upon  a  thick 
round  slab  of  paraffin,  a  foot  in  diameter  and  4  inches  thick, 
a  massive  foot  of  plaster  is  cast.  The  whole  is  placed  on 
a  three-screw  levelling  support.  The  snrface  of  the  paraffin 
is  scraped  into  a  true  plane.  When  water  was  being  exa- 
mined, the  surface  of  the  paraffin  was  lightly  powdered  with 
lycopodium  and  the  water  poured  on  vertically  from  a  fine 
opening.  With  some  care  a  perfectly  ronnd  slab  of  water 
6  inches  in  diameter  can  be  formed,  which  is  so  free  to  move 
that  the  greatest  nicety  of  adjustment  in  the  levelling-screws 
is  necessary.  Precisely  the  same  arrangement  can  be  adopted 
for  mercury.  But  it  was  found  that  for  the  latter  liquid  a 
sheet  of  blotting-paper  wetted  arid  allowed  to  dry  on  a  sheet 
of  plate-glass  gave  results  identical  with  those  of  the  paraffin 
surface.  The  paper  surface  was  used  in  some  of  the  expe- 
riments. As  to  the  allowance  for  the  meniscus,  it  is  clear 
that  this  is  of  less  consequence  with  large  slabs  than  with 
small  ones.  Indeed,  with  slabs  a  few  inches  in  diameter  the 
meniscus  might  be  neglected.  This  was  imperfectly  shown 
in  the  case  of  mercury  by  adding  exactly  equal  volumes  to  a 
small  slab.  After  the  slab  had  passed  2  inches  in  diameter, 
each  additional  volume  produced  a  "  parabolic  "  increase  in 
the  diameter.  Data  derived  from  this  and  from  the  mea- 
surement of  an  enlarged  photograph  of  the  edge  gave  me 
as  a  mean  2  millim.  to  be  deducted  from  the  diameter  in  the 
case  of  mercury.     Assuming  it   to  be  the  same  for  water, 
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the  error  incnrred,  after  making  this  redaction^  could  not 
in  a  6-inch  slab  be  more  than  -^^  of  the  diameter.  This 
would  be  negligible  in  the  deduced  thickness. 

§  5.  I  give  the  following  datum  for  mercury  on  account 
of  the  accidental  coincidence  of  the  experimental  numbers 
with  numbers  easy  of  remembrance,  excepting  as  to  the  tem- 
perature, which  is,  however,  not  far  from  the  conventional 
temperature  of  60°  F. 

100  cub.  centim.  of  mercury  at  14®  0.  has  an  extreme 
radius  of  100  millim. 

,_     100,000 
3-1416x99^' 

thickness  of  mercury  slab  s=  3*248  millim. 

In  the  case  of  water  it  was  found  so  difficult  to  get  a  nearly 
circular  slab  with  100  cub.  centim.,  that  only  50  were  em- 
ployed. The  slab  may  then  be  teased  into  a  circular  form  by 
means  of  a  stick  of  paraffin  covered  with  lycopodium. 

50  cub.  centim.  of  water  at  14°  0.  has  an  extreme  radius  of 
54'8  millim. 

,_        50,000 
3-1416  X  (53-8)^' 

thickness  =5*50  millim. 

Glycerine  *  is  a  beautiful  liquid  in  this  respect.  It  is  kept 
off  from  the  paraffin  surface  by  a  very  faint  blush  of  lycopo- 
dium, and  it  travels  very  slowly.  It  can  be  got  into  a  circular 
slab  more  easily  than  water;  but,  perhaps  on  account  of  its 
capillary  action  towards  its  lycopodium  props,  it  is  more  per- 
sistent in  its  motion.  In  fact,  unless  there  be  hills  of  that  sub- 
stance to  confront  it,  it  rolls  along  (for  that  is  the  motion  of  a 
slab  however  large)  and  forms  a  "  level,"  which  requires  a  very 
steady  support  to  avoid  the  notion  that  its  motion  is  affected 
by  the  gravity  of  the  observer. 

50  cub.  centim.  of  glycerine  at  14®  C.  has  an  extreme  radius 
of  59  millim. 

,  50,000 

3-1416  X  (58)2' 

thickness  =4*731  millim. 

•  Commercial,  "Price V 
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§  6.  Accordingly,  taking  ihe  slab  thickness  of  water  as 
unity,  we  may  begin  a  table  which  will  at  some  future  time 
assuredly  be  extended. 

Specific  Slab^hickness  (at  14°  C). 

Water  .  =1-0000, 
Glycerine  =0-8602, 
Mercury     =0-5906, 

These  numbers  may  be,  with  instruction,  considered  in 
reference  to  the  numbers  in  table  vii.,  which  concern  the  drop- 
sizes  of  ihe  same  three  liquids,  in  the  ^  Proceedings  of  the  Royal 
Society,'  1864,  p.  17  ["  Recess''].  It  will,  I  have  no  doubt, 
appear  that  in  all  cases  the  greater  the  drop-size  the  greater  the 
slab-thickness.  Water  wiU,  no  doubt,  again  assert  its  singu- 
larity and  exhibit  the  greatest  slab-thickness. 

§  7.  Restrained  as  slabs  are  in  their  form  by  skin-tension 
as  well  as  cohesion,  it  is  found  that  the  addition  of  a  liquid 
which  diminishes  the  former  diminishes  also  the  slab-thick- 
ness. Taking  25  cub.  centim.  of  water  at  14°  C,  a  slab 
was  formed  having  38  millim.  corrected  radius.  This  gives 
a  thickness  of  5*51  millim.  Such  a  slab  is  unchanged  if 
touched  in  the  middle  by  a  drop  of  glycerine.  But  on  touch- 
ing it  with  ^^  glacial  "  acetic  acid,  it  instantly  acquires  a  cor- 
rected radius  of  44  millim.,  or  thickness  of  4*16  millim.  This 
means  a  diminution  in  thickness  of  very  nearly  25  per  cent., 
or  one  quarter.  The  question  therefore  presented  itself.  What 
is  the  slab-thickness  of  "  glacial  "  acetic  acid  ? 

I  reserve  the  results  of  my  experiments  in  the  direction  of 
the  relationship  between  the  liquids  and  the  alteration  of  skin- 
tension. 

§  8.  The  mercury  slab,  like  the  water  slab,  has  what  vir- 
tually amounts  to  a  skin;  and  it  became  interesting  to  exa- 
mine the  conditions  of  this  skin  or  region  of  surface-tension. 
If  lyeopodium  be  strewn  upon  the  surface  of  a  mercury  slab, 
and  a  little  tin,  zinc,  or  lead,  or  amalgam  of  these  metals  be 
made  to  touch  the  slab  in  the  middle,  no  noticeable  disturbance 
takes  place.  But  if  such  a  slab  be  touched  by  an  amalgam 
of  K  or  Na,  the  slab  instantly  expands,  and  the  film  of  lyco- 
Podium-powder  on  its  surface  cracks  radially,  exposing  the 
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brilliant  metallic  surface^  which  is  seen  to  be  agitated  over  its 
whole  extent.  In  a  few  seconds  the  slab  contracts  to  its  ori- 
ginal size  and  the  lycopodinm  cracks  heal. 

Does  this  extension  of  the  slab  depend  upon  the  diminu- 
tion of  the  cohesion  of  the  mass  of  the  mercury,  or  upon  a 
surface  effect  ? 

§  9.  I  frequently  in  my  researches  have  had  reconrse  to 
the  fact,  which  I  first  described  in  the  year  1863,  that  a  little 
sodium  added  to  mercury  enables  that  metal  to  touch  with 
positive  capillarity  metals  which  in  its  and  their  ordinary 
state  are  not  wetted  by  the  liquid  metal.  I  here  make  use  of 
the  same  fact.  A  platinum  tube  (fig.  1,  PI.  XV.),  6  millim. 
in  internal  diameter  and  2  centim.  in  height,  is  rubbed  and 
soaked  in  some  weak  sodium  amalgam,  and  then  washed  in 
several  quantities  of  pure  mercury.  Placing  such  a  tube 
vertically  in  the  middle  of  a  slab  of  mercury  so  that  its  lower 
edge  is  clear  of  the  surface  upon  which  the  mercury  slab  rests, 
we  have  the  condition  shown  in  fig.  1.  A  little  grain  of 
sodium  amalgam  dropped  into  the  platinum  tube  causes  no 
immediate  change  ;  but  in  a  time  measurable  by  seconds,  say 
20  to  30  seconds,  the  slab  starts  on  its  expansion  and  reaches 
its  maximum  size,  apparently  immediately.  It  seems,  then, 
that  since  the  effect  is  not  instantaneous,  it  is  a  surface  effect. 
The  effect  when  produced  is  due  to  an  alteration  of  the  surface 
between  the  tube  and  the  outer  portion  of  the  slab.  By 
dipping  the  platinum  tube  further  down  into  the  slab  so  as  to 
be  within  i^^  of  an  inch  of  the  bottom,  I  have  found  the  effect 
to  be  distinctly  delayed. 

§  10.  The  fact  mentioned  in  §  9,  that  the  release  of  the 
mercuiy  skin-tension  by  sodium  is  brought  about  after  a  time, 
short  indeed,  but  appreciable  when  introduced  into  the  central 
part  of  a  liquid  slab  inside  the  platinum  tube,  points  to  the 
existence  of  a  true  difiusion  between  the  metals  ;  and  this  leads 
to  the  second  part  of  this  communication.  For  I  have  exa- 
mined already  a  few  such  cases,  which  I  will  now  describe, 
because  I  believe  the  subject  of  elementary  diffusion  has  been 
neglected  excepting  in  the  case  of  gases,  and  even  here  but 
little  is  really  known. 

§11.  Metallic  JDi fusion. — The  metals  potassium  and  sodium 
suggested  themselves  of  course  at  once.     They  offer  excep- 
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tional  facilities  for  the  determination  of  the  composition  of  the 
mixture,  when  they  have  diffused  through  mercurj,  because 
the  mere  addition  of  water  translates  the  alkaline  metal  into 
hydrogen.  The  neutralization  of  the  alkalized  water,  say,  by 
hydrochloric  acid,  and  subsequent  evaporation  and  weighing, 
give  a  control  upon  the  hydrogen  translation  of  the  alka- 
line metal.  The  mercury  is  thereupon  left  nearly  ready  for 
weighing. 

On  the  other  hand,  I  have  not  yet  been  able  to  establish  a 
column  of  mercury  having  an  unlimited  stock  of  pure  cold 
alkaline  metal  above  pure  mercury  at  the  same  temperature 
below.  I  do  not  see  the  possibility  of  it.  Granted  that 
when  such  metals  as  tin,  or  lead,  or  gold,  or  silver  dissolve 
in  mercury,  heat  may  move,  such  movement  of  heat  is, 
I  should  think,  swamped  in  its  power  of  causing  convec- 
tion-currents by  the  conductivity  of  the  mass.  But  in  the 
case  of  the  alkaline  metals  the  first  contact  of  the  two 
metals  is  accompanied  by  so  much  heat  that  the  condi- 
tions obtainable  with  other  metals  are  here  far  more  difficult 
Perhaps  mercury  and  sodium  brought  into  contact  at  a  tem- 
peratore  far  below  the  freezing-point  of  mercury  might  give 
the  required  starting-point.  If  their  contact  were  real  and 
the  elevation  of  temperature  very  gradual  and  well  controlled, 
we  might  have  a  trustworthy  condition  ;  but  scarcely  so  at  a 
single  temperature. 

Such  a  condition  would  represent  a  certain  fixed  sodium 
potential  (ncTt  infinite,  because  the  sodium  has  to  be  disin- 
tegrated), on  the  one  hand,  and  a  lower,  but  not  zero,  on  the 
other ;  and  between  the  two  the  integral  of  the  resistances 
of  the  various  amalgams  after  the  first  contact. 

§  12.  This  being  so^  I  elected  to  employ  sodium  amalgam 
and  potassium  amalgam  rather  than  the  free  metals. 

On  mixing  sodium  with  mercury,  the  two  combine  with 
great  energy  and  liberate  so  mudi  heat  as  to  point  to  a 
loss  of  volume.  Is  this  loss  of  volume,  if  it  take  place  under 
any  circumstance,  so  great  as  to  give  rise  to  an  amalgam 
having  a  greater  density  than  mercury  itself? 

If  *!?1  be  the  density  of  mercury  and  ^  that  of  sodium, 
and  if  r^  be  the  volume  of  the  amalgam,  then  the  density  of 
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the  amalgam  would  be  eqnal  to  that  of  the  mercury,  if 

If  Vs  should  be  less  than  this  for  any  ratio  between  the  con- 
stituents, the  convection-currents  of  sodium  would  at  all 
events  begin  to  flow  down  if  such  an  amalgam  were  at  the  top 
of  the  mercurial  column. 

On  this  point,  without  making  a  study  of  the  specific 
gravity  of  alloys  of  sodium  of  different  strengths,  I  have  satis- 
fied myself  that,  as  long  as  the  amalgam  is  liquid,  it  is  lighter 
than  mercury.  This  is  easily  shown  by  introducing  mercury 
into  one  limb  and  the  various  liquid  amalgams  of  sodium  into 
the  other  limb  of  a  long  U-tube  :  whereupon  the  pare  mercury 
always  prevails  in  weight.  Now  when  a  solid  amalgam  of 
sodium  is  brought  into  contact  with  mercury,  heat  may  be 
either  set  free  or  absorbed.  Chemists  will  understand  me  if  I 
remind  them  that  a  pounds  of  water  mixed  with  b  pounds  of 
chloride  of  calcium  will  give  a  body  which  will  set  free  or 
absorb  heat  according  as  a  is  greater  or  less  than  «r. 

§  13.  Accordingly  I  made  a  pound  or  two  of  a  sodium  amal- 
gam of  such  a  strength  as  to  be  solid  at  the  atmospheric  tem- 
perature. This  was  beaten  up  in  an  iron  mortar  as  it  cooled. 
Putting  some  of  this  into  a  porcelain  crucible,  plunging  it  into 
water  containing  a  few  drops  of  hydrochloric  acid,  and  collect- 
ing the  hydrogen,  it  was  found  that  after  a  day  or  two,  if  the 
amalgam  was  occasionally  stirred,  all  evolution  of  hydrogen 
ceased ;  the  volumes,  reduced  to  dry  hydrogen  at  0°  C.  and 

760  millim.,  were  <  -.  ^8  i    ^^^'  centim.     The  mercury,  after 

drying,  was  found  to  weigh  <  1 3.7841  •  '^^^  gives  the  per- 
centage of  the  amalgam,  which  I  shall  call  Am  amalgam  : — 

Hg 98-2        97-97        98-08 

Na 1-8  2-03  1*92 


100-0       100-00      100-00  (mean) 
The  ideal  amalgam  would  perhaps  be  one  of  such  a  compo- 
sition that  beat  would  neither  be  set  free  nor  absorbed  on 
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farther  mixing  with  mercury.  But  such  an  ideal  condition 
conld  only  be  ideal  in  its  beginning,  and,  I  think,  disturb- 
ances due  to  this  cause  are  insensible  in  comparison  with  other 
sources  of  error.  The  above  amalgam,  when  stirred  with  mer- 
cury, may  reduce  iis  temperature  as  much  as  5°  C. 

I  am  informed  that  sodium  may  contain  a  large  quantity  of 
hydrogen.  I  am  not  called  on  to  discuss  the  experiments  (not 
my  own)  upon  which  this  rests  ;  but  I  think  that  any  consider- 
able quantity  would  be  expelled  on  amalgamation.  Perhaps 
the  glow  or  blush  to  be  described  immediately  and  in  §  14  is 
due  to  the  escape  of  residual  hydrogen  at  the  released  tension- 
surface  of  the  mercury. 

The  first  experiment  in  regard  to  the  diifasion  of  sodium  out 
of  this  amalgam  into  mercury  was  of  course  a  qualitative  one. 
A  U-tube  (fig.  2,  PI.  XV.)  was  made  of  glass  tube  of  ^  inch  in- 
ternal diameter — ^the  one  limb,  A,  being  about  3  inches  and  the 
other,  B,  about  2^  inches  long,  reckoned  from  the  inner  bend  a. 
This  was  fastened  into  a  massive  fusible  metal  foot  to  give  sta- 
bility. The  U-tube  was  dried  perfectly  under  the  ordinary  air- 
condition,  and  received  pure  dry  mercury,  which  stood  in  both 
limbs  at  a  height  of  about  2f  inches  (reckoned  from  a).  The 
whole  was  placed  in  a  flat-bottomed  vessel^  containing  a  little 
melted  paraffin,  and  then  upon  an  immovable  slab,  to  which  it 
was  stuck  by  a  few  drops  of  paraffin.  The  vessel  g  then  received 
water  slightly  acidulated  with  HCl  so  as  to  cover  the  mercury 
in  the  shorter  limb,  and  reach  about  J  inch  above  the  edge  of 
the  glass  tube  on  that  side.  A  test-tube  filled  with  similarly 
acidulated  water  was  inverted  over  the  shorter  limb.  Upon  the 
surface  of  the  mercury  in  A  about  15  grams  of  the  amalgam 
Am  was  placed  ;  this  was  covered  with  petroleum,  and  the 
tube  was  plugged  with  cotton-wool. 

Immediately  after  introducing  the  sodium  amalgam  a  kind 
of  frosted  appearance  is  seen  on  the  immediately  lower  parts 
of  the  mercury  and  glass  surface  in  A.  This  appearance,  which 
is  a  blush  of  bubbles,  creeps  downwards  with  strange  rapidity, 
reaching  the  bend,  say  2^  inches,  in  a  quarter  of  an  hour. 

In  about  30  hours,  bubbles  of  hydrogen  appear  at  the  sur- 
face of  the  mercury  in  B  and  collect  in  the  pneumatic  tube. 
Such  evolution  continues  sensible  for  about  a  month.  After 
two  months  such  evolution  ceased,  the  contents  were  emptied 
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ont^  thereby  being  of  course  mixed,  and  no  further  evolution 
of  hydrogen  could  be  detected. 

Such  a  method  of  experimentation  is,  however,  far  from 
quantitative,  because  when  the  sodium  has  diffused  down 
through  A  as  far  as  a,  it  will,  being  lighter  than  mercury,  rise 
through  B  and  cause  whirls. 

The  ideal  condition  of  such  diffusion  would  be  of  course 
similar  to  the  ideal  condition  of  heat-  or  electrical  transference, 
where  one  may  have  a  given  potential  at  one  end  of  the  column, 
and  a  given  lower  one,  fancifully  called  zero,  at  the  other. 

Perhaps  this  condition  is  to  be  attained  with  the  greatest 
practical  completeness  by  the  simple  lanff  vertical  column. 

§  14.  Three  glass  burettes  were  made,  about  a  foot  in 
length  and  an  inch  in  internal  diameter.  They  were  drawn 
out  sharply  at  the  bottom  into  capillary  tubes,  upon  which 
pressure-taps  were  fixed  in  the  ordinary  way.  These  were 
nearly  filled  with  pure  mercury.  A  little  of  the  mercury 
was  allowed  to  run  through  so  as  to  fill  the  capillary  and  caout- 
chouc tube. 

Upon  a  tube  so  prepared  and  filled,  about  15  grams  of  the 
amalgam  Am  were  placed.  The  amalgam  was  thereupon 
covered  liberally  with  petroleum  ;  and  the  top  of  the  tube  was 
slightly  corked.  Instantly  clouds  of  minute  bubbles  began 
to  make  their  appearance  between  the  mercury  and  the  glass. 
In  half  an  hour  tiie  whole  column  appeared  frosted  (see  §  13). 
On  drawing  off  a  measure,  say  ^  of  the  whole,  from  the  bottom 
after  two  or  three  hours,  no  appreciable  amount  of  hydrogen 
was  to  be  got  from  it. 

Accordingly  the  tube  was  reemptied,  cleaned,  dried,  and 
refilled.  The  amalgam  (Am)  was  then  allowed  to  rest  upon 
the  top  for  14  days  and  nights  in  an  undisturbed  and  steady 
place,  where  the  temperature  ranged  from  13°  to  18°  0.  At 
the  end  of  this  time  the  amalgam  was  drawn  off.  The  draw- 
ing off  was  effected  as  follows : — ^A  little  block  of  paraffin 
was  hollowed  so  as  to  have  a  smooth  cavity  of  the  capacity  of 
about  1^  of  the  tube  in  fig.  3.  The  edge  was  ground  flat,^  and 
a  flat  slab  of  paraffin  served  as  a  cover.  The  amalgam  was 
drawn  into  this  very  slowly  so  as  to  stand  above  the  edge  ;  the 
slab  being  then  pressed  down,  a  unit  volume  was  entrapped. 
This  being  transferred  to  a  porcelain  capsule,  the  few  drops  of 
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overflow  were  returned  to  unit  measure^  which  was  again 
filled  up,  and  so  on.  The  six  lowest  measures  (each  about  ■^) 
did  not  show  a  trace  of  hydrogen.  The  seven  higher  ones 
evolved  hydrogen  in  the  quantities  shown  in  the  following 
table,  in  which  the  actual  weights  of  the  mercury  are  re- 
duced to  100,  the  cub.  centim.  of  hydrogen  being  recalculated 
and  reduced  to  dry  hydrogen  at  0°  C.  and  760  millim.  It 
appears  that  in  14  days  the  sodium  had  penetrated  down  a 
little  more  than  halfway,  say  7  inches,  in  quantity  appreciable. 
I  put  now  these  results  in  such  a  form  that  they  may  be, 
as  far  as  possible,  immediately  comparable  with  the  results 
obtained  by  other  metals.    They  come  out  as  follows  : — 

Per  cent.  Na.  Hg.  Na. 

•0035... 100  and  -0035 

•0178 „  „  -0178 

.0665 „  „  -0666 

•1769 „  „  -1772 

•2034 „  „  -2038 

•2295 „  „  -230 

•2414 „  „  -242 

§  15.  A  potassium  amalgam  prepared  in  a  similar  manner 
was  found,  when  analyzed  as  in  §  13,  to  have  the  composition 
1*34  per  cent,  of  K.  About  the  same  quantity  of  this  was 
put  into  the  same  tube  as  had  been  used  for  the  Na,  under, 
as  far  as  possible,  the  same  conditions. 

Reducing  the  evolved  H  to  0  and  760,  as  before,  it  was 
found  that  the  13  volumes  of  the  column  (all  of  which  were 
nearly  equal  except  the  last,  which,  instead  of  about  84-82 
grams  of  mercury,  only  held  about  52,  for  this  was  the  drain- 
age from  the  amalgam),  had  the  composition  : — 

Per  cent,  of  K. 
0-00082 
•0038 
•0146 
•0331 
•1185 
•2061 
•2811 
•3490 
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As  to  the  comparison  between  Na  and  E^  we  need  only 
contemplate  the  potential-difference  between  1*92  and  1*34 
respectively. 

With  regard  to  the  frosted  appearance  mentioned  in  §§13^ 
14,  it  can  scarcely  be  doubted  that  the  minnte  babbles  which 
compose  it  are  hydrogen,  due  to  the  film  of  water  or  vapour 
on  the  glass.  But  while  this  appearance  travels  at  the  rate 
of  at  least  one  foot  an  hour,  there  is  no  sensible  quantity 
of  Na  to  be  found  at  even  a  lesser  depth  after  fourteen  days. 
The  effect  must  therefore  be  a  surface-effect,  and  be  of  the  same 
order  as  the  effect  described  in  §  8,  where  the  mercury-slab 
expands  when  touched  by  sodium  amalgam,  on  account  of 
metals  spreading  almost  instantaneously  over  its  surface  and 
enfeebling  its  skin.  The  condition  actually  set  up  in  the 
mercury  column  is  probably  this  : — ^A  minute  film  of  sodium 
spreads  downwards  between  the  mercury  and  the  glass  :  this 
decomposes  the  water  on  the  glass,  and  so  clothes  the  glass 
with  a  film  ofminute  hydrogen  bubbles,  and  the  mercury  sur- 
face with  a  film  of  caustic  soda,  which  latter  is  in  absolute 
contact  with  the  mercury  surface.  It  is  a  question  whether 
the  sodium  film  is  less  than,  equal  to,  or  more  than  sufficient 
to  decompose  the  water — ^probably  more.  At  all  events  it  is  so 
minute  as  not  to  exhibit  itself  in  any  chemical  reaction.  The 
spectroscopic  reaction  here  has  no  significance. 

The  curves  Na  and  K,  Plate  XVI.,  which  represent  these 
experiments  graphically,  are  not  directly  comparable  with  the 
curves  Sn,  Pb,  and  Zn  (§  17)  in  the  same  plate,  because  in  the 
case  of  Na  and  E,  for  reasons  given  in  §  1 1,  it  was  found 
necessary  to  start  with  an  amalgam,  and  indeed  with  one 
containing  only  about  2  per  cent,  of  sodium.  The  time  in  the 
case  of  the  Na  and  E  amalgams  was  also  a  little  less  than  half 
that  occupied  in  the  diffusion  of  Zn,  Bb,  and  Sn. 

§  16.  The  rapid  penetration  of  zinc  by  mercury  suggested 
the  question  whether,  when  an  amalgam  of  an  alkaline  metal 
was  presented  to  zinc,  the  mercury  would  penetrate  the  zinc 
and  carry  the  alkaline  metal  with  it.  Accordingly  the  above 
potassium  amalgam  was  introduced  into  a  hollow  cylinder  of 
cast  zinc,  17  millim.  internal,  and  21  millim.  external  dia*- 
meter  (thickness  2  millim.),  45  millim.  external  height,  35 
millim.  internal  height  (10  millim.  thickness  of  bottom).     The 
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amalgam  was  scraped  upon  the  zinc  so  as  to  ensure  contact,  and 
then  covered  with  petroleum.  The  zinc  cylinder  was  thereupon 
corked  up  and  the  cork  covered  with  paraffin.  It  was  placed  in 
a  beaker  of  distilled  water  and  covered  with  a  tube  of  water 
according  to  fig.  4,  Plate  XV.  After  two  months^  standing 
at  a  uniform  temperature  of  about  15®,  scarcely  a  pinVhead 
volume  of  gas  had  collected  in  the  top  of  the  tube.  Abun- 
dance of  the  semiflocculent  fine  oxyhydro-carbonate  had 
collected  on  the  zinc  and  at  the  bottom  of  the  beaker.  That 
part  on  the  zinc  was  rubbed  ofiF  the  zinc  with  an  ivory  blade, 
and^  together  with  the  sediment  in  the  beaker,  dissolved  in 
hydrochloric  acid  ovementralized  with  ammonia  and  sulphide 
of  ammonium.  After  separation  of  the  Zn,  no  trace  of  K 
could  be  found.  No  potassium  had  found  its  way  through  tlie 
zinc.  Perhaps  a  more  remarkable  fact  still  is  this,  that  on 
scraping  about  a  gram  of  the  solid  metal  from  the  outside  of 
the  zinc  cylinder,  not  a  trace  of  mercury  could  be  found  in 
it.  Not  only,  therefore,  did  the  alkaline  metal  fail  to  follow 
the  mercury  into  the  zinc,  but  it  prevented  the  mercury  from 
entering  the  zinc.  Compare  this  with  §  18,  where  the  cylinder 
of  zinc  is  literally  "  slaked  ^'  by  the  mercury. 

§  17.  Cylinders  of  zinc,  lead,  and  tin  were  cast,  an  inch  and  a 
quarter  long  and  |  inch  in  diameter.  These  were  floated  on  the 
mercury  contained  in  the  tubes  described  in  §  14.  The  quantity 
of  the  mercury  in  each  tube  was  such  that  it  stood  at  the  same 
height,  reckoning  from  the  bottom  of  each  cylinder.  The 
burettes  had  been  previously  lashed  to  massive  stands,  cork 
bufiers  being  interposed  between  the  tubes  and  the  stands. 
The  three  were  placed  side  by  side  on  a  slab  let  into  the  wall, 
and  were  protected  as  much  as  possible  by  cloths  from  sudden 
changes  of  temperature.  The  mean  temperature  was  15°  C. 
The  experiments  lasted  a  month,  and  the  extreme  range  of 
temperature  was  from  13®  C.  to  17°- 5  C. 

At  the  end  of  the  month  (31  days)  the  mercury  was  run 
ofl^  from  the  bottom  very  slowly  and  discontinuously  into  the 
paraffin  vessel  described  in  §  14  ;  so  that,  with  the  exception 
of  the  top  quantities,  the  volumes  of  the  successive  portions 
were  very  nearly  the  same.  With  regard  to  the  top  quantities, 
it  is  clear  that,  since  the  metals  float  at  diflerent  depths  in 
the  mercury,  the  surfaces  of  contact  are  not  the  same  in  the 


Digiti 


zed  by  Google 


MOLECULAR  CONSTANTS.  349 

several  cases ;  and  therefore  these  top,  or  richest,  amalgams 
can  scarcely  be  compared.  Again,  the  shape  of  the  bottom  of 
the  tube  with  its  capillary  &o.  puts  the  lowest  or  poorest  out 
of  court.  But  as  the  contents  of  the  lower,  irregular  part  of 
the  tube  is  not  more  than  a  third  of  the  volume  of  the  unit 
measure,  it  is  only  the  very  lowest  amalgatn  that  need  be 
rejected. 

In  each  case  there  were  twelve  full  unit  vessels  drawn  off, 
and  in  each  case  a  fraction  of  a  thirteenth,  which  last  contained 
the  drainage  from  the  metal. 

Through  the  kindness  of  Dr.  Hodgkinson  a  number  of 
these  amalgams  were  analyzed  in  the  chemical  laboratory  by 
Messrs.  Adie,  Ghihan,  and  Grange,  to  whom  I  am  therefore 
indebted.  These  three  gentlemen  analyzed  the  zinc,  lead,  and 
tin  amalgams  respectively.  The  metals  were  determined  in 
the  following  manners  : — 

Lead. — ^The  amalgam  dissolved  in  nitric  acid  and  evaporated 
with  sulphuric  acid,  and  the  residue  either  ignited  directly 
or  after  washing  with  dilute  alcohol  (as  sulphate  of  lead). 

Tin. — The  amalgam  dissolved  in  nitric  acid,  evaporated  to 
dryness,  and  ignited  (as  metastannic  acid). 

Zinc. — (a)  By  dissolving  in  nitric  acid,  evaporating  to  dry- 
ness, and  igniting  ;  or  (/3)  by  separating  the  mercury  as  sul- 
phide and  the  zinc  as  sulphide,  and  igniting  (both  as  oxide  of 
zinc). 

§  18.  In  Table  I.  the  results  of  such  determinations  are 
given,  so  that  the  proportion  of  the  errors  of  analysis  may  be 
compared  with  the  true  diffusion  in  each,  and  the  difference 
of  diffusion  in  the  three  cases. 

At  the  end  of  the  experiment  the  cylinders  of  tin  and  lead 
presented  nothing  remarkable  in  appearance.  On  standing  a 
couple  of  months  the  upper  part  of  the  lead  cylinder  has 
become  as  hard  as  zinc,  though  there  is  no  sensible  deforma- 
tion. The  zinc  cylinder  swelled  considerably  in  the  tube  ; 
and  when  left  to  itself  afterwards,  though  drained  from  the 
mercury,  it  continued  to  swell  and  crack,  and  ultimately  fell 
to  pieces  like  a  "lime-light"  lime-cylinder  when  slaked.  Two 
cones  with  their  apices  towards  the  centre  of  the  cylinder 
were  formed  at  top  and  bottom  ;  the  cracking  otherwise  was 
for  the  most  part  in  radial  planes. 
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In  Plate  XVI.  the  percentages  of  metal  in  the  several  amal- 
gams of  the  three  metals  are  given  graphically,  and  without 
founding-off  or  other  interpolation.  The  abscissae  reckoned 
from  the  left  are  distances  from  the  bottom  ;  the  ordinates  are 
the  corresponding  percentages  of  the  respective  metals. 

Table  I. 


Zinc.  Percent. 

Lead.    Per  cent. 

Tin.    Percent. 

1  (bottom) 

1  0064  \  rt^uw  ^ 

r  0-188 1o.,Qg 
lo-204/"^^ 

fO-13    1 

>  0-21       0171 

10-174.) 

2 

1 0-080 1^^'® 

3. 

{t^}<^ 

m  ^ 

4 

1  0-117/  "^^^ 

6 

{t^.]o^ 

^fx]  0-40 

6. 

10-183/  ^^^ 

7 

f  0-402 1  n-na 
1 0-403  j  0-403 

lo-62;    063 

8 

{o-1^}  0-260 

9 

r  0-3371 
^0-338     0-333 
[0-325  J 

{tZ}  0^^ 

ll-OlJ    *^ 

10. 

(^3^}  0-387 

11 

{0^}  0-461 

m  0^ 

f  1-681 

1-41       1-46 
1 1-25  J 

12 

{rS  0-e" 

13  (top) 

{S?^}  0-677 

{\fA  ^« 

fl-86 
1-87       1-83 
1-76  1 

XV  \*^yf        ......... 

§  19.  It  appears  accordingly  that  the  three  metals  lead, 
tin^  and  zinc,  all  of  which  and  all  of  whose  amalgams  are 
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lighter  than  mercary,  diffuse  downwards  through  this  latter 
metal  in  such  a  fashion  that  they  appear,  after  a  month's 
interval,  in  appreciable  quantity  at  a  depth  of  a  foot  beneath 
the  surface  when  the  temperature  is  about  16^-17^  C. 
With  regard  to  this  latter  point,  as  to  temperature,  I  suppose 
that  mercury  is  so  good  a  conductor  of  heat  that  the  influence 
of  convection-cnrrents  is  at  least  as  inconsiderable  as  in  Hie 
experiments  which  have  been  performed  for  determining  the 
diffusion  of  soluble  salts  in  water.  It  is  scarely  worth  while 
amusing  oneself  by  dividing  these  diffusion  percentages  by  the 
so-called  "  atomic  weights  ^'  of  the  metals.  A  more  serious 
consideration  might  be  the  result  of  the  division  of  the  diffused 
weight  by  the  specific  gravity  of  the  metal.  Comparing  the 
numbers  of  the  group  Sn,  Pb,  and  Zn  with  one  another,  we 
may  remember  that  the  metals  are  all  cast,  and  therefore  so 
far  indefinite  in  structure.  This  may  be  especially  the  case 
with  zinc,  which  cracks  and  thereby  allows  the  mercury  to 
rise  by  capillarity  and  so  enrich  itself,  and  generally  set  up 
conditions  of  amalgamation  which  I  do  not  care  to  trace,  for 
I  do  not  see  my  way  through. 

As  to  the  comparison  of  the  alkaline  group  with  the 
Sn,  Pb,  Zn  groups,  such  comparison  must  be  vague,  for  the 
reason  that  the  E  and  Na  are  employed  as  amalgams  (as 
though  one  would  study  the  diffusion  of  nitre  into  water  by 
employing  a  solution  of  nitre  containing  only  2  per  cent,  of 
the  anhydrous  salt) ;  whereas  the  Sn,  Pb,  and  Zn  are  used 
with  what  was  supposed  to  be  a  sufficient  supply  of  pure  100- 
per-cent.  metal.  But  this  imperfection  of  these  conditions  is 
manifest  if  we  remember  that  while  the  solid  metal  melts  and 
dissolves  downwards,  the  liquid  mercury  rises.  Accordingly 
there  is,  after  the  first  instant  of  contact,  supposing  the  metals 
difiiise,  no  constant  metallo- motive  force  in  the  same  place. 

§  20.  I  conclude  therefore  that  the  general  curve  of  amal- 
gamation^ and  therefore  of  alloyage,  and  therefore  perhaps 
of  elementary  atomic  and  molecular  diffusion  generally,  is  of 
the  kind  shown  in  fig.  5,  PL  XV.  In  the  case  of  Na  almost 
the  complete  curve  was  obtained;  whereas  in  the  case  of  Zn 
the  point  of  contriflexure  had  not  been  reached.  The  very 
fact  that  the  K  and  Na  curves  are  more  complete  in  this 
fashion  than  the  Pb,  Zn,  and  Sn,  prove  to  my  mind  that  K  and 
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Na  have  a  far  greater  diffusive  energy  than  the  heavier  metals 
examined.  And  although  in  this  case  the  percentage  of  metal 
actually  found  at  a  given  depth  was  in  all  cases  much  less 
than  the  percentages  of  the  heavier  metals,  it  will  be  borne  in 
mind  that^  while  the  latter  were  pure  and  had  acted  for 
thirty- one  days,  the  former  were  amalgams  containing  less  than 
2  per  cent,  of  the  metal.  Comparing  K  with  Na,  I  do  not 
think  we  can  draw  any  conclusion  beyond  the  rather  negative 
one,  that  the  superior  diffusive  faculty  which  seems  to  be  the 
property  of  K  salts  in  regard  to  water  does  not  evidence  itself, 
if  it  exist,  when  that  metal  and  sodium  are  compared  in  respect 
to  their  diffusion  in  mercury.  I  am  far  from  asserting  that 
such  preeminence  may  not  exist;  but  I  do  not  think  that  it  is 
here  made  conspicuous. 

My  friend  Prof.  Chandler  Roberts  has  for  a  long  time  been 
engaged  in  studying  the  diffusion  of  melted  metals,  and  the 
matter  has  been  a  subject  of  frequent  conversation  between  us. 
I  await  with  great  interest  the  details  of  his  experiments.  The 
relative  dates  of  our  publication  have  no  relation  to  the  dates 
of  our  experiments. 


XL.   On  a  new  Lisulating  Support, 
By  Professor  Silvanus  P.  Thompson,  B.A.y  JD.Sc* 
[Plate  XVn.] 

Insulating  supports  consisting  of  rods  rising  through  the 
necks  of  glass  jars  containing  concentrated  sulphuric  acid, 
for  the  purpose  of  absorbing  moisture  which  otherwise  would 
condense  upon  the  glass,  appear  to  have  been  first  intro- 
duced in  practice  by  Sir  William  Thomsonf.  Similar  devices 
have  been  more  recently  designed  by  Mascai-t$,  by  Professor 
Clifton  §,  and  by  Professors  Ayrton  and  Perry.  The  apparatus 
of  Mascart.  differs  only  from  the  original  design  of  Sir  W. 

•  Read  December  8,  ISaS. 

t  Proc.  lioy.  Soc.  June  18C7,  and  '  Reprint  of  Papers  on  Electrostatics 
and  Magnetism/  p.  322.  See  also  the  figure  given  on  page  14  of  Max- 
well's '  Elementary  Treatise  on  Electricity.* 

X  Journal dePhysiqf4e,t.\u,^.  217  (IS7S);  'Nature,  xviii.  p. 44 (1878) ; 
see  also  Wiedemann's  Electricitdt,  Bd.  i.  p.  16. 

5  Proc.  Roy.  Soc.  No.  182,  p.  300(1877). 
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Thomson  in  having  the  central  support  of  glass  solidly  fnsed 
to  the  bottom  of  the  jar  which  holds  the  acid,  and  in  having 
the  jar  formed  with  a  narrow  neck  instead  of  a  wide  one.  This 
construction,  though  convenient  in  point  of  portability  and 
solidity,  renders  necessary  the  addition  of  a  tubulure  at  the 
side  of  the  vessel  by  which  to  introduce  the  acid.  The  cost  of 
the  apparatus,  which  cannot  be  made  except  by  a  professional 
glass-blower,  is  consequently  considerable. 

Such  supports  are,  in  spite  of  their  cost,  of  so  great  utility, 
especially  in  a  humid  climate,  that  a  cheaper  substitute  of 
equally  high  insulation  is  a  desideratum.     In  the  electrical 
laboratory  of  University  College,  Bristol,  insulating  supports 
of  the  type  about  to  be  described  are  found  of  very  great  use. 
A  piece  of  combustion-tube,  about  20  centim.  long  and  1*4 
centim.  diameter,  is  fused  together  at  one  end,  and  the  closed 
end  is  slightly  enlarged  by  blowing,  and  then  slightly  flattened 
at  its  extremity.     This  tube,  which  forms  the  central  support, 
is  placed  upright  in  a  wide-mouthed  bottle  of  hard  white  flint- 
glass  about  10  centim.  high  and  5*5  centim.  diameter,  in  which 
about  50  to  70  grammes  of  parafBn-wax  have  been  melted. 
When  the  paraffin  solidifies  it  contracts  greatly ;  but  if  the 
bottle  be  not  too  large,  holds  the  stem  firmly  in  its  place.    To 
keep  out  the  dust  a  lid,  formed  from  a  disk  of  gutta-percha 
about  2  millim.  thick,  softened  by  dipping  into  boiling  water, 
is  placed  loose-tight  on  the  stem.     The  arrangement  is  shown 
in  fig.  1.     The  upper  end  of  the  central  tube  is  open,  and 
affords  a  convenient  means  of  placing  on  the  support  various 
different  objects,  such  as  a  metal  ball  fixed  on  a  metal  rod,  or 
a  flat  metal  plate  on  which  to  stand  any  object  that  is  to  be 
insulated.     For  carrying  wires  over  a  table  in  experiments 
requiring  high  insulation,  rods  of  flint-glass  of  25  to  30  centim. 
length,  curled  at  the  top  in  the  form  of  a  crook  or  other  hook- 
form,  as  shown  in  figs.  2  to  5,  are  placed  in  the  central  tube 
of  the  insulating  support,  and  the  wires  are  slung  in  them. 
The  insulation-resistance  of  these  supports  is  many  hundreds 
of  megohms  even  in  damp  weather.     Should  a  film  of  dust 
accumulate  on  the  surface  of  the  paraffin  in  consequence  of  any 
neglect  in  lowering  the  gutta-percha  cap,  the  insulator  only 
requires  to  be  warmed  to  the  melting-point  of  paraffin  to 
restore  the  lost  insulation.     For  work  requiring  very  special 
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insulation^  sulphuric  acid  is  poured  over  the  top  of  the  paraffin; 
and  in  some  cases  solid  stems  of  glass  have  been  used  instead 
of  glass  tube.  Hitherto  there  has  been  no  trouble  from  yield- 
ing in  the  paraffin^  which  was  feared  at  the  outset  as  a  possible 
fault.  A  good  hard  paraffin  has  been  used ;  and  as  the  flat- 
tened form  given  to  the  basal  enlargement  of  the  glass  tube 
constitutes  in  itself  a  foot  to  the  central  support^  there  is  little 
or  no  tendency  for  the  paraffin  to  bend  under  the  weight  that 
may  be  placed  for  a  few  hours  on  the  top  of  the  support.  To 
add  stability  to  the  apparatus,  the  bottle  is  let  into  a  wooden 
foot.  The  total  cost  of  the  apparatus  is  less  than  one  tenth  of 
the  price  charged  for  the  apparatus  of  Mascart. 


NOTE. 


In  Mb.  Glazebbook's  Paper  on  "Curved  Diffraction- 
Gratings,"  read  14  April,  1883,  he  gives  a  geometrical  con- 
struction for  a  diffraction-grating  without  aberration  (pp.  251, 
252  of  this  Volume).  This  construction  had  previously  been 
given  to  the  Society  by  Professor  Rowland  as  part  of  a  verbal 
communication  made  on  11  Nov.  1882  ;  but  Mr.  Glazebrook, 
not  having  been  present  on  that  occasion,  was  not  aware  that 
he  had  been  anticipated  on  this  point.  No  manuscript  of 
Professor  Rowland's  communication  was  sent  to  the  Society, 
and  so  the  resemblance  between  his  and  Mr.  Glazebrook's 
communications  in  this  particular  matter  escaped  notice,  until 
pointed  out  by  Professor  Rowland,  after  Mr.  Glazebrook's 
paper  had  been  published. 


Digitized  by 


Google 


INDEX. 


Abnej;  Capt.  W.  de  W.,  on  the  violet  pbosplioresoence  in  calcium 

sulphide    86 

Accumulator,  experiments  on  the  Faure 104 

Anemometer,  an  integrating 157 

Apparatus  for  calculating  efficiency 28 

for  the  measurement  of  mechanical  and  electrical  forces,  on 

integrating  and  other 8 

to  illustrate  the  production  of  work  by  diffusion,  description 

of  an 317 

Ayrton,  W.  E.,  and  Perry,  John,  on  a  simplified  dispersion-photometer  109 

, ,  on  experiments  on  the  Faure  accumulator 104 

J ,  on  the  measurement  of  the  electric  resistance  of  liquids .  303 

, ,  on  the  resistance  of  the  electric  arc 197 

, ,  on  winding  electromagnets    230 


B. 

Baily,  Walter,  on  an  integrating  anemometer 157 

f  on  an  illustration  of  the  crossing  of  rays    286 

J  on  the  spectra  formed  by  curved  diflfraction-gratings 181 

Bidwell,  Shelford,  on  a  method  of  measuring  electrical  resistances 

with  a  constant  current 196 

,  on  the  effect  of  temperature  on  the  electrical  resistances  of 

mixtures  of  sulphur  and  carbon 90 

,  on  the  electrical  resistance  of  selenium-cells 167 

Blaikley,  D.  J.,  on  experiments  on  the  velocity  of  sound  in  air    ....  319 

Boys,  C.  Vernon,  on  apparatus  for  calculating  efficiency 28 

,  on  integrating  and  other  apparatus  for  the  measurement  of 

mechanical  and  electrical  forces    8 

J  on  water-pipes  that  do  not  burst  with  frost 40 


Digiti 


zed  by  Google 


356  INDEX. 

Page 

Brown,  F.  D.,  notes  on  Thermometry 116 

Brown,  Walter  R.,  on  central  forces  and  the  conservation  of  energy. .  169 


C. 

Calcium  sulphide,  on  the  violet  phosphorescence  in 85 

Calculating  efficiency,  apparatus  for 28 

Carbon  under  pressure,  on  the  electric  resistance  of 83 

Central  forces  and  the  conservation  of  energy,  on     159 

Chattock,  A.  P.,  on  a  method  of  determining  experimentally  the 

constant  of  an  electro-dynamometer 332 

Chemical  affinity  in  terms  of  electromotive  force,  on  the  determina- 
tion of 44, 131,  257 

Clark,  J.  W.,  on  the  purification  of  mercury  by  distillation  in  vacuo  328 

Colour-sensation,  on   217 

Conroy,  Sir  John,  on  a  new  photometer 263 

Constant  current,  on  a  method  of  measuring  electrical  resistances 

with  a    195 

of  an  electro-dynamometer,  on  a  method  of  determining  experi- 
mentally the 332 

Crossing  of  rays,  an  illustration  of  the 285 

Crystalline  films,  optical  combinations  of 186 

Crystals,  some  spiral  figures  observable  in,  illustrating  the  relation 

of  their  optic  axes   1 

Curved  diffraction-gratings,  on 243 

,  on  the  spectra  formed  by    381 


D. 

Density  of  certain  metals,  on  the  fluid 97 

Description  of  an  apparatus  to  illustrate  the  production  of  work  by 

diffusion    317 

Determination  of  chemical  affinity  in  terms  of  electromotive  force  . .  44, 

131,  257 

Diffiraction-gratings,  s>n  the  spectra  formed  by  curved   181 

Dispersion-photometer,  on  a  simplified    109 

Droop,  H.  B.,  on  colour-sensation    217 


E. 

Efiect  of  temperature  on  the  electrical  resistance  of  mixtures  of 

sulphur  and  carbon 90 

Efficiency,  apparatus  for  calculating 28 

Electric  arc,  the  resistance  of  the 197 

motor,  on  the  graphic  representation  of  the  law  of  efficiency 

of  an 172 


Digiti 


zed  by  Google 


JENOEX.  367 

Pag* 

Electric  leBistance  of  carbon  under  pressure 68 

—  reeiataiice  of  liquids,  on  the  measurement  of  the  803 

Electrical  foicesi  on  integrating  and  other  apparatus  for  the  measure- 
ment of  mechanical  and 8 

resistance  of  selenium-cells^  the 187 

resistance  with  a  constant  current,  on  a  method  of  measuring.  •  185 

Electro-dynamometer,  on  a  method  of  determining  ezperimentallj 

the  constant  of  an   882 

Electromagnets,  on  winding 280 

Electromotive  force  in  absolute  measure,  improved  construction  of 
the  movable-coil  galvanometer  for  determining  current-strength 

and    289 

—  ,  on  the  determination  of  chemical  affinity  in  terms  of . . . .     44, 

181, 267 

Energy,  on  central  forces  and  the  conservation  of 168 

Experiments  on  the  Faure  accumulator  104 

on  tiie  velocity  of  sound  in  air 819 

— —  on  the  viscosity  of  a  solution  of  saponine  284 

F. 

Faure  accumulator,  experiments  on  the 104 

Figures  observable  in  cr3rBtalB,  some  spiral,  illustrating  the  relation 

of  their  optic  axes  1 

Films,  optical  combinations  of  crystalline  186 

Fleming,  J.  A.,  on  a  phenomenon  of  molecular  radiation  in  incan- 
descence lamps 288 

Fluid  density  of  certain  metab,  on  the 97 

Forces  and  the  conservation  of  energy,  on  central 169 

Frosty  water-pipes  that  do  not  burst  with  40 

G. 

Glazebrook,  R.  T.,  on  curved  difOraction-gratings 248 

-^--,  on  polarizing-prisms 204 

Graphic  representation  of  the  law  of  efficiency  of  an  electric  motor. .  172 
Gray,  J.  Macfarlane,  on  Regnault's  determination  of  tiie  specific 

heat  of  steam  ; 87 

Guthrie,  F.,  on  certain  molecular  constants    887 

H. 

Heat  of  steam,  Regnault's  determination  of  the  specific    87 

Hopkinson,  J.,  on  the  refractive  index  and  specific  inductive  capacity 
of  transparent  insulating  media 88 

I. 

Blustration  of  the  crossing  of  rays    286 

Incandeeoence  lamps,  on  a  phenomenon  of  molecular  radiation  in  • .  288 
VOL.  V,  2  F 


Digiti 


zed  by  Google 


858  iNMz. 

Page 

Integratizig  anemometer,- on  an 157 

and  other  apparatus  for  the  measurement  of  mechanical  and 

electrical  forces 8 

Insulating  eupport,  on  a  new 352 

Improved  construction  of  the  movable-coil  galvanometer  for  deter- 
mining current-strength  and  electromotive  force  in  absolute 
measure 289 

L. 

Law  of  efficiency  of  an  electric  motor^  on  the  graphic  representation 

of  the    172 

Liquids,  on  the  measurement  of  the  electric  resistance  of 803 

M. 

Measurement  of  mechanical  and  electrical  forces,  on  integrating  and 

other  i^pparatus  for  the 8 

of  the  electric  resistance  of  liquids 808 

Metals,  on  the  fluid  density  of  certain 07 

Method  of  determining  experimentally  the  constant  of  an  electro- 
dynamometer   832 

of  measujing  electrical  resistances  with  a  constant  current,  on  a  105 

Mixtures  of  sulphur  and  carbon,  the  effect  of  temperature  on  the 

electrical  resistance  of ', ^ 90 

Molecular  constants,  on  certdn 337 

-^--  radiation  in  incandescence  lamps,  on  a  phenomenon  of    283 

Movable-coil  galvanometer  for  determining  current-strength  and 
electromotive  force  in  absolute  measure^  improved  construction 
of  the    289 

N. 

New  insulating  support,  on  a 352 

Note  on  £he  measurement  of  the  electric  resistance  of  liquids 303 

Notes  on  Thermometry 116 


0* 

Obach,  Eugen,  on  an  improved  construction  of  the  movable-coil 
galvanometer  for  determining  cuirent-stiength  and  electromotive 
force  in  absolute  measure  289 

Optical  combinations  of  crystalline  films 186 


Peiry,  John,  and  Ayrton,  W.  £.,  on  a  simplified  dispersion-photo- 
meter   109 

-^, ,  on  experiments  on  the  Faure  accumulator 104 


Digitized  by 


Google 


iNDEr.  859 

Page 
Perrj;  John,  and  Ayrton,  W.  E.^  on  the  meaaurement  of  the  electric 

resistance  of  liquids     803 

, ,  on  the  resistance  of  the  electric  arc 197 

; ,  on  winding  electromagnets 280 

Phenomenon  of  molecular  radiation  in  incandescence  lamps,  on  a  . .  283 

Phosphorescence  in  calcium  sulphide,  on  the  violet 35 

Photometer,  a  new 258 

,  a  simplified  dispersion 109 

Polarizing-prisms,  on 204 

Production  of  work  by  diffusion,  description  of  an  apparatus  to  illus- 

strate  the 817 

Purification  of  mercury  by  distillation  in  vactio 828 

R. 

Radiation  in  incandescence  lamps,  on  a  phenomenon  of  molecular  . .  288 

Rays,  an  illustration  of  the  crossing  of    286 

Refractive  index  and  specific  inductive  capacity  of  transparent  insu- 
lating media r- 88 

Regnault's  determination  of  the  specific  heat  of  steam 87 

Resistance  of  carbon  under  pressure,  on  the  electric 88 

of  liquids,  on  the  measurement  of  the  electric 303 

. of  an  electric  arc 197 

Roberts,  W.  Chandler,  and  Wrightson,  T.,  on  the  fluid  density  of 
certain  metals 97 

S. 

Saponine,  experiments  on  the  viscosity  of  a  solution  of 284 

Selenium-cells,  the  electrical  resistance  of 167 

Sensation,  on  colour- 217 

Simplified  dispersion-photometer,  on  a    109 

Sound  in  air,  experiments  on  the  velocity  of 819 

Specific  inductive  capacity  of  transparent  insulating  media,  on  the 

refractive  index  and    88 

heat  of  steam,  Regnault's  determination  of  the 87 

Spectra  formed  by  curved  difiraction-gratlDgs,  on  the 181 

Spiral  figures  observable  in  crystals,  illustrating  the  relation  of  their 

optic  axes 1 

Stables,  W.  H.,  and  Wilson,  A.  E.,  on  experiments  on  the  viscosity 

of  a  solution  of  saponind 284 

Sulphide,  on  the  violet  phosphorescence  in  calcium   85 

Sulphur  and  carbon,  the  efiect  of  temperature  on  the  electrical  re- 
sistance of  mixtures  of   90 

T. 

Thermometry,  notes  on 116 

Thompson,  C,  on  the  determination  of  chemical  affinity  in  terms  of 
electromotive  force 257 


Digitized  by 


Google 


860  INDBX. 

Papre 

Thompson,  S.  P.,  on  a  new  insulating  support    853 

,,  on. the  electrical  resistance  of  carbon  under  pressure 83 

^  on  the  graphic  representation  of  the  law  of  efficiency  of  an 

electric  motor 17d 

Transparent  insulating  media,  on  the  refractive  index  and  specific 

inductive  capacity  of SS 

V. 

Velocity  of  sound  in  air,  experiments  on  the 819 

Violet  phosphorescence  in  calcium  sulphide    85 

Viscosity  of  a  solution  of  saponine,  experiments  on  the 284 

W. 

Wateivpipes  that  do  not  burst  with  frost 40 

Wilson^  A.  G.,  and  Stables,  W.  H.,  on  experiments  on  the  vicosity 

of  a  solution  of  saponine. 284 

Winding  electromagnets,  on 280 

Woodward,  C.  J.,  on  a  description  of  an  apparatus  to  illustrate  the 

production  of  work  by  diffusion    817 

Wright,  G.  R.  Alder,  on  the  determination  of  chemical  affinity  in 

terms  of  electromotive  force    44, 181;  257 

Wright,  Lewis,  on  optical  combinations  of  crystalline  films 186 

— ,  on  some  spiral  figures  observable  in  crystals,  illustrating  the 

relation  of  their  optic  axes 1 


Printad  by  TATLOB.aad  Fbajtoxs,  Bad  Lion  Ck>iut»  Fleet  Btraot 


Digitized  by 


Google 


PrccP^ys.  Soc.Vol.S.  Pl.HV. 


Fig.l. 


MintemBros  lith. 


Digiti 


zed  by  Google 


Digitized  by 


Google 


Proo.Phys.Soc.Vol.S.PLXr. 


Fig.l. 


Fig.  ^. 


MctojL 


Fig.  2. 


Fig. 8. 


Fig.  5. 


Mm.».cm.  BtHia  litK 


Digitized  by 


Google 


Digitized  by 


Google 


Proo.Phys.  Soo. Vol.6, Pl.JNI, 


80  40  60  80  100  120  140 


180 


160 


»40 


120 


100 


80 


40 


20 






— 







A 

/ 

/  1 

/ 

'/ 

1 
1 









/ 

/.- 

J        y 

/ 



1       / 
1       / 
1     / 
-     -i  /  - 

1  / 
1/ 

:/ 

1 

i 

/  1 

I 

1 
1 

i 

/ 





/ 

/ 

y 

i 



-      - 

f^^ 

r^/JI) 

7 

/ 

Y 

/ 

. 

/ 

/ 

/ 

/ 

^ 

/ 

^ 

/ 

^ 

Xf'J4 

u..-^ 

^ 

0^ 

^ 

^ 

y 

7^ 

/ 

^ 

""^ 

1 
1 
1 

^ 

y 

180 


160 


140 


120 


100 


80 


60 


4-0 


20 


20  40 


60  80 


100  120  KO 


Digiti 


zed  by  Google 


Digiti 


zed  by  Google 


Proc^.P^s.Soo.VoLS.Pi.Xm. 


cm\ms\\m\N\mmw^ 


r^ 


'^     T^^^^^^^^^^^^r^  ^^^^ 


Pig.l. 


fAp  f^     (Ift 


Fig.2.  Fig.3.  Fig.4.  T'ig.5. 

Scale  i  . 


MiTitem  BpoK.lith. 


Digitized  by 


Google 


Digitized  by 


Google 


PftOCEEDINGS 

AT  THE 

MEETINGS  OF  THE  PHYSICAL  SOCIETY 

OF  LONDON. 

SESSION  1881-82. 


February  12th,  1881. 

trof.  W.  G.  Adamb,  M.A.,  F.K.8.,  Vioe-Prewdeni,  in  the  Chair. 

Annual  General  Meetii\g. 

The  Report  of  the  Gounoil  was  read. 

The  Treasurer  made  his  financial  statement. 

The  Officers  for  the  Session  were  elected. 

Special  General  Meefing, 

Resolution  passed  respecting  the  inyestment  of  the  Society's 
funds. 

Ordinary  Meeting. 

The  following  communications  were  made: — 

"  On  the  Density  of  Fluid  Bismuth."  By  Prof.  W.  Chaotieb 
BoBBBTs  and  Mr.  T.  WmoHTSoir. 

''  Hydro-mechanical  Illustrations  of  Electrical  Phenomena."  By 
Dr.  0.  J.  LoDGB. 
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February  26th,  1881. 

Prof.  FuLLEB,  M.A.,  Vioe-Preeidenfc,  in  the  Chair. 

Special  Oeneral  Meeting. 

Confirmation  of  Eesolution  passed  at  Special  General  Meeting 
held  on  February  12th. 

Ordinary  Meeting. 

The  following  communications  were  made : — 

"Hydro-mechanical  Illustrations  of  Electrical  Phenomena"  (con- 
tinued).   By  Dr.  0.  J.  Lodge. 

'*0n  the  Telegraphic  Transmission  of  Pictures  of  Natural 
Objects."  By  Mr.  Shelpoed  Bidwbll.  With  experimental 
illustrations. 

*'  On  an  Integrating  Machine."    By  Mr.  C.  Yebnof  Bots. 


March  12th,  1881. 
Sir  William  Thomson,  LL.D.,  F.K.S.,  President,  in  the  Chair. 

The  following  were  elected  Members  of  the  Society : — 
CoLviLE  Bbo^tke,  F.G.S. ;  James  Peesoott  Joule,  D.C.L.,  F.R.8. 

The  following  communications  were  made : — 
^*  On  the  Absorption-Spectra  of  Organic  Compounds."    By  Col. 
Fbsting,  R.E.,  and  Capt.  Abnbt,  R.E.,  F.R.S. 

'*  On  the  Definition  of '  Work.'  "    By  Mr.  D.  R.  Bbowhe. 


March  26th,  1881. 

Prof.  Fullee,  M.A.,  Vice-President,  in  the  Chair. 

The  following  was  elected  a  Member  of  the  Society : — 
Lewis  Weight. 

The  following  communications  were  made : — 
'<  Investigations  in  Electrostatics."    By  Dr.  J.  Mossb. 
^^  On  the  Electrical  Resistance  of  Thin  Films,  and  on  a  Revision 
of  Nv'wton's  Scale  of  Colours."    By  Profs.  Rehtold  and  RGckeb. 
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April  9th,  1881. 
Prof.  W.  G.  Adams,  M.A.,  F.K.8.,  Vice-President,  in  the  Chair. 

The  following  was  elected  a  Member  of  the  Society : — 

Dr.  J.  MosBB. 
The  following  papers  were  read : — 

"On  Thermal  Electrolysis."  By  Dr.  J.  H.  Gladstowb  and  Mr. 
A.  Tbibe. 

"  On  Eadiation  through  Ebonite."  By  Col.  FssTiire  and  Capt. 
Abbst. 

"  On  Stereoscopic  Vision."    By  Prof.  Hblicholtz. 


May  14th,  1881. 
Prof.  Fttllbb,  M.A.,  Vice-President,  in  the  Chair. 
The  following  were  elected  Members  of  the  Society : — 
Mr.  D.  J.  Blaisxey  ;  Mr.  Waltbb  Kblneb,  B.A.,  M.B. 

The  following  papers  were  read : — 

"  On  Electric  Absorption  in  Crystals."  By  Prof.  H.  A.  Rowlani) 
(Baltimore)  and  Mr.  E.  H.  Nichols. 

"  On  an  Absolute  Sine  Electrometer."    By  Prof.  Mibohib. 

^'  On  the  Ascent  of  Hollow  Glass  Bulbs  through  Liquids."  By 
Dr.  E.  J.  Mills. 


May  28th,  1881. 
Prof.  Fullbb,  M.A.,  Vice-President,  in  the  Chair. 

The  following  communications  were  made : — 

*'0n  certain  Models  to  illiistrate  Fresnel's  Theory  of  Plane 
Waves."    By  Mr.  C.  J.  Woodwabd. 

*'  Experiments  for  the  Determination  of  the  Velocity  of  Light." 
By  Prof.  G.  Fobbes. 

''  On  the  Influence  of  a  Powerful  Magnet  on  Strips  of  Metal 
through  which  a  Current  is  flowing."    By  Dr.  E.  H.  Hall. 
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June  11th,  1881. 
Lo&D  BATLBI0H,  F.B.S.,  Yioe-Fresident,  m  the  Chair. 

The  foUowing  were  elected  Members  of  the  Society : — 
J.  £.  Stead  ;  J.  E.  H.  Gosdok,  M.A. 

The  following  papers  were  read : — 

"  On  Standard  Resistance-Coils."    By  Prof.  J.  A.  Flemus^. 

"  On  the  Hardening  and  Tempering  of  Steel."    By  Prof.  W.  C. 

ROBBETS. 

"  On  Curves  of  Electromagnetic  Induction."    By  "W.  Geaitt. 
"On  the  Opacity  of  Tourmaline  Crystals."    By  Prof.  S,  P. 
Thoxpson. 


June  26th,  1881. 
Prof.  Fuller,  M.A.,  Vice-President,  in  the  Chair. 

The  following  was  elected  a  Member  of  the  Society : — 
Senor  Olympic  de  Barcelos. 

The  following  communications  were  made : — 

<*  On  Induction  Apparatus  suitable  for  Lecture  purposes."  By 
W.  Geakt. 

*''  On  the  Index  of  Refraction  of  Ebonite."  By  Pro&.  Ateion  and 
Peset. 

"  On  the  Microphonic  Action  of  Selenium-cells."  By  Dr.  J. 
MossB. 

"On  a  Standard  Cell  for  Electromotive  Force."    By  Dr.  J. 


"  On  the  Repulsion  of  a  Magnet  by  a  moving  Conductor."  By 
Dr.  F.  Gutheie. 

"  Results  obtained  with  a  new  Mercury  Calorimeter."  By  Prof» 
Balfoue  Stewaet  and  Mr.  W.  SiEoxn). 

^*  On  the  Electromotive  Force  between  Liquids  and  Metals.''    By 

Mr.  SUTUKELAWD. 


November  12th,  1881. 
Prof.  Pttllbe,  M.A.,  Vice-President,  in  the  Chair. 
The  following  was  elected  a  Member  of  the  Society  :— 
W.  D  NivET,  M.A. 
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The  following  commtmications  were  made :  — 
"  On  Spirals  in  Crystals."    By  Mr.  Lewis  Wright. 
"  On  a  Mode  of  constructing  Water-Pipes  so  as  to  prevent  their 
Bursting  in  Frosty  Weather.'*    By  Mr.  C.  Vbrwow  Bots. 


November  26fch,  1881. 

Prof.  W.  G.  Adams,  M.A.,  F.R.8.,  Vice-President,  in  the  Chair. 

Mr.  C.  Vbbnon  Bots  gave  an  account  of  his  new  Integrating- 
Machines. 


December  10th,  1881. 
Prof.  W.  0.  Adams,  M.A.,  F.E.S.,  Vice-President,  in  the  Chair. 

The  following  were  elected  Members  of  the  Society : — 

Lieut.  Chaslbs  E.  Gladstoits,  R.N. ;  Abthitb  W.  Claydisk,  M.A. ; 
Waltes  Geobgb  Woollcombb,  M.A.  ;  Lieut.  Chasles  Gaiti^tlett 
DicKBW,  R.N. ;  Rev.  Prof.  SBBAsnAif  Siecom,  M.A. 

The  Members  visited  the  scientific  appliances  at  the  Smoke 
Abatement  Exhibition,  under  the  guidance  of  Prof.  W.  Chaitdleb 

BOBEBTB. 


January  28th,  1882. 
Dr.  W.  H.  Stoke  in  the  Chair. 
The  following  was  elected  a  Member  of  the  Society : — 

W.  Lant  Cabpenteb,  B.A.,  B.So. 
The  following  papers  were  read : — 

"On  the  Fluid  Density  of  Metals.**  By  Prof.  W.  Chakdleb 
BoBEBTS  and  C.  Wbiohtsov. 

"  On  Apparatus  for  measuring  Efficiency."    By  C.  Yebnoh  Bots. 

*'  On  an  Electric  Meter."    By  T.  Vebnoh  Bots. 

^*  On  the  Violet  Phosphorescence  in  Calcium  Sulphide.''  By  Capt. 
Abket,  R.E. 
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Annual  General  Meeting. 

February  lltii,  1882. 

Prof.  W.  G.  Adams,  M.A.,  F.R.8.,  Vice-President,  in  the  Chair. 

The  following  Report  of  the  Council  was  read  by  the  Vice- 
President  : — 

Our  Society  now  enters  on  the  tenth  year  of  its  history  ;  for  its 
formation  may  be  considered  to  have  begun  with  the  meeting  of  the 
Provisional  Committee  that  followed  the  issue  of  a  circular  addressed 
by  Prof.  Ghithrie  to  the  leading  Physicists  of  this  country  in  1873. 

The  success  which  attended  its  formation  has  been  uninterrupted 
and  progressive ;  and  the  Society  now  consists  of  331  Members, 
14  of  whom  were  elected  during  the  past  Session. 

Prof.  Helmholtz  was  present  at  our  Meeting  in  April  last,  and 
made  a  communication  to  the  Society  on  Stereoscopic  Vision. 

Of  the  numerous  papers  read  during  the  past  Session,  the  fol- 
lowing may  be  specially  mentioned : — The  first,  a  communication 
from  America,  was  a  paper  read  on  May  14th,  "  On  Electric  Ab- 
sorption in  Crystals,^'  by  Prof.  Rowland  (of  Baltimore)  and  Mr.  E. 
H.  Nichols.  On  the  28th  of  the  same  month,  Mr.  HaU  (of  Johns 
Hopkins  University)  read  a  paper  '*  On  the  Influence  of  a  Powerful 
Magnet  on  Strips  of  Metal  through  which  a  Current  is  passing,"  and 
described  his  investigations,  which  our  President  subsequently  cha- 
racterized as  the  most  important  of  the  year.  The  Society  will  have 
listened  with  much  pleasure  to  the  valuable  series  of  papers  by  Mr. 
C.  V.  Boys  on  Mechanical  Appliances  for  Integration. 

The  most  important  event  of  interest  to  the  Society  during  the 
past  year  was  tlie  opening  of  the  Electrical  Exhibition  at  PariB  in 
the  autumn,  and  the  assembling  of  the  Congress  of  Electricians,  at 
which  our  Society  was  represented  by  Sir  William  Thomson,  Prof. 
W.  Grylls  Adams,  and  Prof.  G.  Carey  Foster. 

After  an  exhaustive  discussion  of  the  question  of  Electrical 
Standards,  the  Congress  adopted  the  definition  of  electrical  units 
recommended  by  the  British  Association,  using  mercury  as  a 
standard.  It  was,  however,  considered  essential  that  fresh  experi- 
ments should  be  made  in  order  to  ascertain  the  length  at  zero  of  the 
mercurial  column,  to  be  adopted  in  practice  as  giving  a  resistance  of 
one  ohm  with  a  sufficient  degree  of  accuracy. 

The  value  of  the  work  of  the  Congress  generally  was  well  summed 
up  by  M.  Maflcart,  who  said  (in  an  official  report  addressed  to  the 
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Minister  of  Poets  and  Telegraphs) : — "  The  International  Congress, 
using  the  Exhibition  as  if  it  were  a  vast  laboratory,  has  secured  the 
greatest  possible  publicity  for  the  discoveries  of  scientific  men,  and 
has  imparted  new  life  to  the  genins  of  inventors.  Apart  from  its 
influence  on  technical  science,  the  Congress  has  done  good  work  that 
mnst  aid  the  general  progress  of  mankind,  at  the  same  time  that  it 
serves  to  fix  an  important  date  in  the  history  of  Electricity." 

It  is  hoped  that  the  forthcoming  Exhibition  in  this  country  may 
prove  of  equal  interest  and  importance. 

During  the  past  year  public  attention  has  also  been  directed  to 
the  abatement  of  smoke;  and  an  Exhibition,  now  drawing  to  a 
dose,  has  been  held  in  the  adjacent  galleries  belonging  to  the 
Horticultural  Society.  The  Committee  includes  several  members  of 
our  Society ;  and  the  work  they  are  endeavouring  to  carry  out  is  a 
continuation  of  that  which  occupied  the  attention  of  Parliament  in 
the  Session  1819-20,  when  a  Select  Committee  was  appointed  to 
consider  the  effect  of  factory  furnaces  on  public  health,  and  in  1843, 
when  another  Committee  inquired  into  the  means  and  expediency  of 
preventing  the  nuisance  of  smoke.  As  this  question  of  the  abate- 
ment of  smoke  is  of  national  importance,  and  as  the  principles  on 
which  perfect  combustion  depends  are  as  much  within  the  province 
of  Physics  as  of  Chemistry,  the  Council  feel  that  the  subject  is  well 
worthy  the  attention  of  our  Members. 

The  Committee  for  Re-publication  have  not  yet  been  able  to 
commence  the  reprint  of  Dr.  Joule's  scientific  papers,  of  which 
mention  was  made  in  last  year's  Report.  The  distinguished 
physicist,  whom  we  are  honoured  by  counting  among  our  members, 
has  himself  kindly  undertaken  the  preparation  of  the  copy  for  this 
work,  and  he  has  wished  to  get  the  greater  part  of  tbe  material 
ready  before  actually  beginning  to  print.  Dr.  Joule  promises  to 
supply  the  first  part  of  the  copy  in  a  very  short  time,  in  which  case 
the  printing  wiU  be  at  once  commenced. 

The  prospect  of  a  speedy  beginning  of  this  important  undertaking, 
which  will  fully  engage  the  Society's  resources,  has  decided  the 
Committee  not  for  the  present  to  begin  the  reprint  of  Yolta's  papers. 

With  regard  to  the  important  question  of  the  protection  of 
buildings  from  lightning,  it  will  be  remembered  that  the  Society 
appointed  Profs.  Adams  and  Foster  to  represent  the  Society  at 
a  Conference  on  Lightning-Rods.  This  Conference  has  held 
meetings  during  the  last  three  years ;  and  after  a  thorough  investi- 
gation of  the  subject,  including  the  work  done  in  this  country  and 
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abroad,  has  iBsued  a  oomprehensive  Report  to  which  evidence  of 
variouB  experts  is  appended.  Copies  of  this  Report  may  be  had  by 
Members  of  this  Society  at  a  reduced  price. 

The  Society  has  to  regret  the  loss  of  two  of  its  Members — 
Dr.  Dbapbb  and  Mr.  Loins  Schwendleb*. 

John  William  Drapbb,  M.D.,  LL.D.y  one  of  our  distinguished 
Honorary  Members,  President  of  the  Medical  and  Scientific  Faculties 
of  the  University  of  New  York,  who  died  January  4,  1882,  was 
an  Englishman,  having  been  bom  at  St.  Helens,  near  Liverpool, 
on  May  5,  1811 ;  he  waa  therefore  in  his  seventy-first  year. 

Up  to  the  age  of  twenty-two  he  was  resident  in  his  native 
country,  receiving  his  education,  first  under  private  tutors,  and 
afterwards  studied  Chemistry  in  the  University  College,  London, 
then  known  as  the  University  of  London.  In  1832  he  emigrated 
to  the  United  States,  and  continued  his  studies  at  the  University  of 
Pennsylvania,  where  (in  1836)  he  took  the  degree  of  M.D.  Mean- 
time his  talent  for  original  research  had  manifested  itself  in  the  pro- 
duction of  several  memoirs,  which  appeared  in  the  *  Journal '  of  the 
Franklin  Institution.  The  first  of  these  (published  in  1834)  was 
"  On  the  Nature  of  Capillary  Attraction ;"  while  a  second  was 
devoted  to  a  discussion  of  the  most  eligible  method^  of  constructing 
galvanic  batteries  of  four  elements.  In  1835  he  published  an  ac- 
count of  some  experiments  made  to  ascertain  whether  light  exhibits 
any  magnetic  actions.  Several  branches  of  the  science  of  electri- 
city subsequently  claimed  his  attention.  In  1839  he  wrote  a  memoir, 
which  afterwards  was  reprinted  in  the  '  Philosophical  Magazine,' 
**  On  the  Use  of  a  Secondary  Wire  as  a  Measure  of  the  Relative 
Tension  of  Electric  Currents."  It  is  instructive  to  observe  in  this 
memoir  how  Draper's  exact  mind  revolted  against  the  misuse,  by 
writers  on  electricity,  of  the  words  "tension''  and  "  intensity;"  and 
though  he  himself  employed  both  words,  he  carefully  distinguished 
between  them,  using  '*  tension  "  for  what  we  now  call  "  electro- 
motive force,"  and  "  intensity  "  for  the  "  strength  of  the  current," 
agreeing,  therefore,  with  the  practice  of  many  continental  autho- 
rities. He  also  made  experiments  upon  electro-capillary  motions, 
and  contributed  to  the  science  of  thermo-electricity  a  valuable  series 
of  determinations  of  the  thermo-electromotive  force  of  different  pairs 
of  metals  at  different  temperatures.     In  1837  began  the  notable 

*  The  following  biographical  sketches  are  mainly  borrowed  from  *  Naturo ' 
and  the  '  Telegraph  Journal '  respeotiyel^. 
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series  of  researches  upon  the  nature  of  rays  of  light  in  the  spectrum, 
with  which  the  name  of  Draper  will  always  be  associated.  His 
paper  that  year  bore  the  title,  "  Experiments  on  Solar  light ; "  but 
it  failed  to  attract  much  attention  in  Europe.  He  was  now 
devoting  himself  to  photography  and  photo-chemistry  with  great 
zeal.  His  paper  "On  the  Discovery  of  Latent  Light,"  in  1842, 
dealt  with  the  images  produced  by  rays  of  light  which  are  only 
subsequently  developed  by  some  chemical  reaction — a  process  with 
which  the  art  of  photography  has  made  us  familiar,  but  which  was 
then  a  curious  and  novel  phenomenon.  It  was  Draper  who  first 
discovered  that  in  the  ultra-violet  part  of  the  spectrum  there  are 
absorption-bands  like  the  Eraunhofer  lines  in  the  visible  part  of  the 
spectrum.  To  enumerate  the  works  which  proceeded  from  Draper's 
pen  upon  the  chemical  and  physical  properties  of  the  ultra-violet,  or, 
as  he  styled  them,  *'  tithyonic "  rays  would  be  inadmissible  here. 
Suffice  it  to  say  that  the  greater  part  of  the  fifty  memoirs  mentioned 
in  the  Eoyal  Society's  *  Catalogue '  related  to  this  subject,  and  the 
most  important  of  them  are  to  be  found  reprinted  in  his  '  Scientific 
Memoirs,'  published  in  1878.  In  this  volume  may  be  found  the 
pregnant  suggestion  for  a  standard  of  white  light  for  photometry  of 
a  piece  of  platinum-foil,  of  given  size  and  thickness,  raised  to 
a  white  heat  by  an  electric  current  of  specified  strength.  To  guard 
against  fusion  he  suggested  that  an  automatic  short-circuiting  appa- 
ratus should  be  constructed  by  some  "  skilled  artificer."  He  thus 
exactly  anticipated  Edison's  first  incandescent  lamps,  though  the 
satisfactory  standard  of  white  light  appears  to  be  as  far  off  as  ever. 

The  latest  papers  Draper  published  were  entitied  ''  Besearches  in 
Actino-Chemistry,"  and  treated  of  the  distribution  of  heat  and  of 
chemical  force  in  the  spectrum.  They  appeared  in  1872  in  the 
*  American  Journal  of  Science'  and  in  the  <  Philosophical  Magazine.' 
During  these  years  of  work  Draper  held  important  appointments, 
first  in  the  Hampden-Sidney  College,  Virginia,  where  he  was 
Professor  of  Chemistry,  Natural  Philosophy,  and  Physiology ;  and 
afterwards  (1839)  in  the  University  of  New  York,  where  he  was 
Professor  of  Chemistrj^  and  Natural  History — a  post  modified  two 
years  later  into  that  of  Professor  of  Chemistry  in  the  Medical  College 
of  the  University.  In  addition  to  the  original  memoirs  enumerated 
above,  Dr.  Draper  wrote  several  valued  text-books  of  science — a  text- 
book of  Chemistry  in  1846,  and  a  Human  Physiology  in  1856,  both 
of  which  works  went  through  several  editions. 

Dr.  Draper's  literary  activity  manifested  itself,  however,  in  other 


Digiti 


zed  by  Google 


10  PROCEEDINGS  OF  THE  PHYSICAL  BOCIETT. 

directions;  and  he  has  left  an  enduring  mark  in  literature  aa  a 
philosophical  historian  of  no  mean  merit.  The  'History  of  the 
Intellectual  Development  of  Europe,'  published  in  1862,  has  been 
translated  into  all  the  current  languages  of  European  nations.  His 
'History  of  the  American  Civil  War,'  a  work  which  appeared 
between  the  years  of  1867  and  1870,  when  the  bitter  animosities  of 
the  strife  were  still  raging,  is  distinguished  by  an  impartiality  of 
tone  and  a  philosophical  elevation  remarkable  in  a  historian,  and 
trebly  remarkable  in  one  who  wrote  in  times  so  littie  remote  from 
the  stirring  events  recorded.  In  1874  Dr.  Draper  published  a 
'History  of  the  Conflict  between  Science  and  Eeligion,'  a  work 
which  attracted  some  notice,  and  for  which  a  preface  was  written 
by  Prof.  Tyndall,  to  introduce  the  work  to  English  readers.  Though 
unequal  to  the  preceding  works  in  merit,  and  marred  by  assumptions 
that  detract  from  its  value,  it  nevertheless  showed  great  vigour  of 
intellect  and  philosophical  power. 

Carl  Lotns  Sghwendleb. — On  the  6th  of  January,  at  the  village 
of  Schoeneberg,  near  Berlin,  after  a  long  and  painful  illness,  died, 
at  the  comparatively  early  age  of  forty-three,  Carl  Louis  Schwendler, 
whose  name  will  long  be  remembered  in  connexion  with  Indian 
telegraphy.  He  was  bom  on  the  18th  of  May,  1838,  at  Torgau,  in 
Prussia,  where  his  father  was  a  captain  in  an  infantry  regiment. 

Schwendler  entered  the  Berlin  Technical  Academy  as  a  student  in 
1856 ;  and  had  then  fall  opportunity  to  follow  his  inclinations,  and 
to  combine  his  technical  studies  with  the  course  of  the  Berlin  Uni- 
versity ;  and  thus  he  had  some  of  the  best  teachers — Dove,  Qrass- 
hoff,  Eammelsberg,  Weierstrass,  Wiehe,  Kitter.  Shortiy  after,  he 
happened  to  come  in  contact  with  Dr.  Werner  Siemens,  who  at  once 
recognized  his  talent. 

He  was  in  May  1861  engaged  upon  experiments  with  the  Malta- 
Alexandria  cable.  He  was  Chief  Electrician  during  the  manufacture 
and  laying  of  several  cables  for  the  Prench  Government,  and  in 
1863-64  was  sent  to  the  Mediterranean  to  lay  one  of  those  cables. 

In  1865  he,  in  conjunction  with  Mr.  Sabine,  contributed  a  short 
paper  to  the  British  Association  meeting.  The  following  year, 
in  the  '  Philosophical  Magazine,'  Schwendler  published  a  valuable 
paper,  "  On  the  most  suitable  Galvanometer-Eesistance  to  be  em- 
ployed in  Testing  with  the  Wheatstone  Bridge,"  which  subject,  till 
then  greatly  neglected,  he  had  taken  great  pains  to  investigate,  both 
experimentally  and  mathematically.  He  retained  his  appointment 
with  Siemens  Brothers  until  1868,  when  Colonel  Robinson,  the 
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Director-General  of  Telegraphs  in  India  at  that  time,  found  it  was 
necessary  for  him  to  hare  the  aid  of  an  experienced  electrician, 
in  order  to  pnt  uniformity  into  the  system  of  Goyemment  tele- 
graphs there.  Schwendler  then  became  Assistant  Electrician  to 
the  Director-General  of  Telegraphs  in  India  early  in  1868,  and  re- 
mained in  that  position  until  the  commencement  of  1870.  Highly 
appreciated  for  his  integrity,  ability,  and  amiabiHty  by  the  whole 
staff,  he  was  offered  by  his  chief  a  commanding  position  in  the 
Government  service  as  Chief  Instmctor  of  Indian  Telegraphs ;  and, 
acting  nnder  official  instructions,  he,  soon  after  his  arrival  in  India, 
commenced  the  preparation  of  his  now  well-known  'Testing  In- 
structions,' for  the  guidance  of  the  Staff  of  the  Government  Tele- 
graph Department,  the  object  in  view  being  to  facilitate  the  intro- 
duction and  thorough  understanding  on  the  part  of  the  officials  of 
a  rational  system  of  testing. 

Besides  the  performance  of  his  official  duties,  Schwendler  was 
busy  with  many  collateral  subjects  of  investigation,  on  some  of 
which  he  contributed  papers  to  the  Asiatic  Society,  of  which  he  was 
a  Member  of  Council,  and  to  the  '  Philosophical  Magazine.'  In 
1870  he  investigated  and  published  '^an  Arrangement  for  the 
Discharge  of  long  Overland  Telegraph-lines,"  and  '^A  practical 
method  of  locating  bad  Insulators  in  Telegraph-lines."  In  1872 
he  published  a  paper,  '<  On  the  best  Eesistance  of  the  Coils  of  any 
Differential  Galvanometer,''  and  another  paper,  '^  On  the  General 
Theory  of  Duplex  Telegraphy,"  and  one  •*  On  Earth-Currents ;"  and 
in  1876  another  paper,  "  On  Duplex  Telegraphy." 

In  1876  Schwendler  received  leave  of  absence,  and  returned  to 
England  to  recruit  his  health.  While  in  England,  in  1877,  he  was 
elected  a  Member  of  the  Council  of  the  Society  of  Telegraph 
Engineers  and  of  Electricians,  to  which  he  gave  his  assistance 
until  he  returned  to  India. 

Early  in  1877  Schwendler  was  requested  by  the  Board  of 
Directors  of  the  East-Indian  Railway  Company  to  institute  detailed 
inquiries  into  the  position  of  electric  lighting  in  England,  with 
a  view  to  the  illumination  of  the  Indian  railway-stations.  The 
series  of  experiments  which  Schwendler  then  carried  out  was  an 
elaborate  and,  as  far  as  hiB  materials  went,  an  exhaustive  one, 
occupying  him  until  November  1878.  Having  to  return  to  India, 
he  was  unable  to  finish  a  complete  report  before  his  departure ;  but 
he  prepared  a  prieia^  which  was  printed  and  issued. 

In  March   1879  Schwendler  read  a  paper  before  the  Asiatic 
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Society  of  Calcutta  on  the  economy,  practicability,  and  efficiency  of 
the  electric  light  for  certain  illuminating  purposes,  and  on  the  best 
means  of  its  distribution — the  substance  of  his  paper  being,  of 
course,  based  upon  his  experiments  made  in  London.  In  the  same 
year  he  published  a  paper  on  a  new  standard  of  light ;  and  then, 
reverting  to  telegraphy,  we  find  a  paper,  '<  On  a  Method  of  usmg  a 
small  Fraction  of  the  main  Carrent  provided  by  a  Bynamo-electric 
Machine  for  Telegraphic  Purposes."  This  idea  became  a  favourite 
ODO  with  Schwendler ;  and  as  late  as  last  year  he  published  a  paper 
on  '^  Some  Experiments  to  supply  all  lines  terminating  at  the  Cal- 
cutta Station  with  Currents  tapped  from  a  single  Dynamo-electric 
Machine.'' 

Of  Schwendler's  most  recent  life  and  work  in  India,  we  know  very 
little.  Some  years  since,  we  believe,  he  suffered  from  an  attack 
brought  on  by  the  heat  of  the  climate,  which  his  natural  vigour  and 
robustness  enabled  him  subsequently  to  disregard,  if  not  absolutely 
to  forget,  but  which  possibly  laid  the  foundation  for  the  £Eital  illness 
which  necessitated  his  return  to  Europe,  and  to  which  he  at  length 
Succumbed. 

He  joined  our  Society  in  1875. 

The  Council  would  again  call  attention  to  the  obligation  under 
which  the  Society  rests  to  the  Lords  of  the  Committee  of  Council 
on  Education  for  the  use  of  the  Physical  Lecture-Boom  and 
Laboratories,  so  generously  placed  at  its  disposal ;  and  they  have 
again  also  to  record  their  gratitude  to  Dr.  Ghithrie  for  his  services 
as  Demonstrator. 


The  Society  then  proceeded  to  the  election  of  Council  and  Officers 
for  the  ensuing  year ;  and  the  following  gentlemen  were  declared 
duly  elected ; — 

President— Prof.  E.  B.  Clifton,  M.A.,  F.B.S. 

Vice-PreHdent  (who  has  filled  the  Office  of  President).— Sir  Wm. 
Thomson,  LL.D.,  F.B.S. 

Vice-Presidents.— Prof.  G.  C.  Foster,  F.B.8.  ;  Prof.  F.  Fuller, 
M.A. ;  J.  HoPEiNBON,  M.A.,  D.Sc.,  F.B.S. ;  Lord  BiTLBzaH,  M.A., 
F.B.B. 
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Secretariei. — Prof.  A.  W.  Ebutoid,  M.A. ;  Prof.  W.  Chutoieb 
ROBXBTS,  F.B.S. 

Treasurer. — Dr.  E.  Atkdtson. 

Demonttrator.^TroL  F.  Guthbib,  Ph.D.,  FJl.S. 

(Hher  Members  of  Council— ^rot  W.  G.  Adams,  M.A.,  F.R.8. ; 
Prof.  W.  E.  Atbtoit,  F.E.S.;  Waltbb  Bailt,  M.A.;  Shblpobd 
BiDWEUL,  M.A.,  LL.B. ;  W.  H.  M.  Chbisttb,  M.A.,  F.R.S. ;  Prof.  J. 
Flemikg,  D.So.  ;  R.  J.  Leckt,  F.R.A.8.  ;  Httgo  Mcller,  Ph.D., 
F.R.8.;  Prof.   Osbgbnk   Retkolds,  M.A.,   F.R.S. ;  Prof.  A.   W. 

RtCKEB,  M.A. 

The  following  was  elected  an  Honorary  Member  : — 
Prof.  G.  QuoroKE. 

After  the  names  of  the  Council  and  Officers  had  been  announced 
&om  the  Chair,  votes  of  thanks  were  passed : — to  the  Lords  of  the 
Committee  of  Council  on  Education ;  to  the  Pbbsibent  ;  to  Prof. 
GuTHBEB  for  his  valuable  services  to  the  Society  ;  to  the  OpiriOBBs ; 
and  to  the  Auditobs. 
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PROCEEDINGS 

AT  lUE 

MEETINGS  OF  THE  PHYSICAL  SOCIETY 

OF  LONDON. 
SESSION  1882-83. 


February  11th,  1882. 

Annual  General  Meeting. 

Prof.  W.  G.  Adams,  F.R.S.,  Vice-President,  in  the  Chair. 

The  Report  of  the  Council  was  read. 

Election  of  President,  Officers  and  Council,  and  Honorary 
Members. 

Ordvutry  Meeting. 
Prof.  li.  B.  Clifton,  F.R.S.,  President,  in  the  Chair. 
The  following  papers  were  read  : — 

"  On  the  Relation  between  the  Electromotive  Force  of  a  Daniell's 
Cell  and  the  Chemical  Affinities  involved  in  its  Action."  By  Dr. 
C.  R.  Alder  Wright. 

"  On  the  Influence  of  the  Form  of  Conductors  on  Electrical 
Conduction  Resistance."     By  Dr.  G.  Gore, 
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February  25fch,  1882. 
Prof.  G.  C.  FosTEB,  F.R.S.,  Vice-President,  in  the  Chair. 
The  following  were  elected  Members  of  the  Society : — 

lieut,  Herbbbt  J.  Dockhell,  R.N. ;  Charles  Richardson  ;  William 
Ford  Stanley,  F.M.S.,  M.R.I. ;  General  H.  Hyde,  late  R.E. ; 
John  Buchanan  ;  Prof.  Georoe  Francis  Fitzgerald,  M.A. 

The  following  papers  were  read : — 

"  On  Faure's  Accumulators."    By  Profe.  Ayrton  and  Perry. 

"  On  a  Modified  Form  of  Dispersion-Photometer."  By  Profs. 
Ayrton  and  Perry. 

"On  the  Electric  Resistance  of  Carbon  under  Pressure."  By 
Prof.  SiLVANXJs  P.  Thompson, 

"On  the  Refraotiye  Index  and  Specific  Inductive  Capacity  of 
Transparent  Insulating  Media."    By  Dr.  J.  Hopkinson. 

"On  Regnault's  Determination  of  the  Specific 'Heat  of  Steam." 
By  Mr.  J.  Macfarlanb  Gray. 


March  11th,  1882. 
Prof.  Fuller,  M.A.,  Vice-President,  in  the  Chair. 
The  following  Members  were  admitted  by  the  Chairman  : — 

Lieut.  Herbert  J.  Docebell,  R.N. ;  Mr.  Chables  Richardson  ; 
Mr.  William  Ford  Stanley. 

The  following  was  elected  a  Member  of  the  Society : — 
Datid  Rhys  Jones. 

The  following  papers  were  read : — 

"  On  the  Influence  of  Dust  and  Sulphurous  Acid  on  the  Forma- 
mation  of  Fog."     By  Mr.  Nbwth. 

"  On  the  Discharge  of  Electricity  by  Heat."     By  Dr.  Guthrie. 


March  25th,  1882. 

Prof.  R.  B.  Clifton,  F.R.S.,  President,  in  the  Chair. 

The  following  Members  were  admitted  by  the  President  :- 
Mr.  W.  Lant  Carpenter  ;  Prof.  G.  F.  Fitzgerald. 
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The  following  were  elected  Members  of  the  Society  : — 

M.  J.  Jackson,  B.A.,  B.So. ;  Lazarus  Fletchkr,  M.A. 
The  following  papers  were  read : — 

"  On  the  Influence  of  Temperature  on  the  Electrical  Eesistanoe 
of  Mixtures  of  Sulphur  and  Carbon."     By  Mr.  Shelfobd  Bidwbll. 

**  On  the  Measurement  of  Curvature  and  Refractive  Index.''  By 
Mr.  C.  Vernon  Boys. 

"  On  the  Electromagnetic  Effects  due  to  the  Motion  of  the  Earth/' 
By  Prof.  G.  F.  Fitzgerald. 


April  22nd,  1882. 

Prof.  E.  B.  Clipton,  F.K.S.,  President,  in  the  Chair. 

The  following  Members  were  admitted  by  the  President : — 
Mr.  M.  J.  Jackson  ;  Mr.  J.  Buchanan  ;  Dr.  Eugen  Obach. 

The  following  was  elected  a  Member  of  the  Society : — 
Dr.  Edward  Hopkinson. 

The  following  papers  were  read : — 

"  On  the  Evidence  of  a  Flowing  Liquid  moving  by  Rolling 
Contact  upon  the  Interior  Surface  of  a  Pipe."  By  Mr.  William 
Ford  Stanley. 

**'  Preliminary  Notice  on  the  Magnetic  Disturbances  of  the 
Present  Week."     By  Mr.  G.  M.  Whipple. 


May  6th,  1882. 

Prof.  R.  B.  CUPTON,  F.R.8.,  President,  in  the  Chair. 

The  following  Member  was  admitted  by  the  President : — 
Lazarus  Fletcher,  M.A. 

The  following  was  elected  a  Member  of  the  Society  : — 
William  Haslam  Heaton,  B.A. 

The  following  papers  were  read : — 

"  On  the  Construction  of  Bennet's  Galvanic  Cell."    By  Mr.  R.  J. 
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"  On  the  Mercurial  Thermometer."    By  Mr.  F.  D.  Brown. 
''*  On  an  Experiment  showing  the  Eepulsion  between  a  Moving 
Conductor  and  a  Magnet."    By  Dr.  F.  Guthreb. 


May  20th,  1882, 
Prof.  FuLLBR,  M.A.,  Vice-President,  in  the  Chair. 

The  following  papers  were  read  : — 

"  On  the  Behaviour  of  Powders  under  Pressure."  By  Prof.  W. 
Chaxdler  Koberts. 

"  On  the  Mathematical  Explanation  of  Dr.  Guthrie's  Experiment 
showing  the  Eepulsion  between  a  Magnet  and  a  Moving  Conductor." 
By  Mr.  Walter  Bailt. 

"  On  an  Improved  Current  Meter."     By  Mr.  C.  Vernon  Boys. 


June  10th,  1882. 
Prof.  R.  B.  CuPTON,  F.R.S.,  President,  in  the  Chair. 
The  following  was  elected  a  Member  of  the  Society : — 
Major-General  C.  N.  Martin,  R.E. 

The  following  papers  were  read : — 

"Experiments  on  the  Vibrations  of  Tuning-Forks."       By  Mr. 
William  Ford  Stanlet. 

'*  On  an  Integrating  Anemometer."     By  Mr.  Walter  Bailt. 


June  17th,  1882. 

Meeting  in  the  Clarendon  Laboratory,  Oxford. 

Prof.  R.  B.  Clifton,  F.R.S.,  President,  in  the  Chair. 

The  following  was  elected  a  Member  of  the  Society : — 
Prof.  W.  J.  Lewis,  M.A.  Cambridge. 

The  following  papers  were  read : — 

"  On  a  Simple  Electrodynamometer."    By  Dr.  W.  H.  Stonk. 
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**  On  a  Magnetic  Lever  for  Acting  on  the  Keys  of  an  Organ  at  a 
Distance.''    £y  Mr.  R.  H.  M.  Bosajyquet. 

"  On  the  Action  of  an  Electrometer-Key."     By  the  President. 

*'  On  a  Reflecting  Galvanometer  for  Lecture-purposes,  which  can 
be  used  either  as  a  Sine  or  Tangent  Galvanometer."  By  the 
Prbsidekt. 

"  On  Reversing  and  Contact  Keys  for  Galvanic  Currents."  By 
the  President. 

^'  On  a  Simple  Form  of  Optical  Bench  for  Measuring  the  Focal 
Length  and  Curvature  of  Lenses  and  Mirrors."     By  the  Prbbident. 


June  24th,  1882. 

Prof.  R.  B.  Clipton,  F.R.S.,  President,  in  the  Chair. 

The  following  Members  were  admitted  by  the  President : — 

Mr.  Rhys  Joneb  ;  Major-General  C.  N.  Martin  ;  Mr.  Couirs 

Trotter  ;  Dr.  E.  Hopkinson. 

The  following  were  elected  Members  of  the  Society : — 
Prof.  Bartholomew  Price,  M.A.,  F.R.8. ;  Prof.  John  Viriaicu 
Jones,  M.A. 

The  following  papers  were  read: — 

"  Experiments  on  Vibration."     By  Prof.  Bjerknes,  of  Christiania. 
"  On  the  Determination  of  Chemical  Affinit}'  in  terms  of  Electro- 
motive Force." — Part  VI.     By  Dr.  C.  R.  Alder  Weight. 


November  11th,  1882. 
Prof.  R.  B.  Clifton,  F.R.S.,  President,  in  the  Chair. 

The  following  Members  were  admitted  into  the  Society  by  the 
President : — 

Prof.  J.  C.  Adams  ;  Prof.  H.  A.  Rowland. 

The  following  papers  were  read : — 

*'  On  the  Theory  and  Construction  of  Curved  Optical  Gratings.*' 
By  Prof.  H.  A.  Rowland. 

**  On  the  Conservation  of  Energy  and  the  Theory  of  Central 
Forces."     By  W.  R.  Bro\inb,  M.A. 
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*'  HiBtorical  Notes  on  Physica."    By  Prof.  S.  P.  Thompson. 

(1)  On  the  Original  Production  of  the  Electric  Light. 

(2)  On  the  Boiling  of  Water  under  Reduced  Pressure. 
(«)  On  the  Early  History  of  the  Telephone. 


Novemher  25th,  1882. 
Prof.  R.  B.  Clifton,  President,  in  the  Chair. 
The  following  papers  were  read : — 

'*  On  Rainhows  formed  by  Light  reflected  before  entering  the 
Rain-drops."     By  Mr.  W.  Ackroyd. 

"  On  the  Electrical  Resistance  of  Selenium-cells."  By  Mr. 
Shrlford  Bidwrll. 

'*  On  a  General  Method  of  Strengthening  Telephonic  Currents.'' 
By  Dr.  J.  Moser. 


Dewmber  9th,  1882. 
Prof.  R,  B.  CLinoN,  President,  in  the  Chair. 
The  fi>llowing  were  elected  Members  of  the  Society : — 
Hr«H  Erat  Harrkion,  B.So.  ;  S.  T.  SjirNDRRs,  MA. 

The  followinsr  papers  were  read  : — 

**i>n  the  Volivity  of  li^ht  of  Different  Colours."      By  Prof.  G. 

**  V>n  the  Relatione  K*tween  the  I>i:iiance  apart  of  the  Carbons  in 
a  Vv>lt;ide  Are«  the  Sti^ngth  of  the  Cunrent  ^unoducing  it«  and  tbe 
V^pf^^tioa  U>  the  Cunvnt  due  to  the  Arc."  By  Prv>£s«  Atriox  and 
Fkkrt. 

*"!%  the  Intoasiri^  of  tbe  Magnetic  Field  due  to  Elv.vtio- 
Vdurttet^  in  whuh  tbe  lHsiributic»a  v>l  the  Wire  w**  Variable."  By 
PrvNKv  Atrtv^x  du:>i  I'Icrrt. 

Kxh;V;:2v^  ot  twenty  Swan  l-aiu:v<,  rv'r.:erv\i  iiidniescect  by 
thrve  Fi -ire  A.vuaau**'  rs. 
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January  27th,  1883. 
Prof.  R.  B.  Clifton,  President,  in  the  Chair. 
The  following  Member  was  admitted  by  the  President : — 
Mr.  H.  E.  Harutson. 

The  following  papers  were  read  : — 

"  On  the  Methods  which  have  been  employed  for  Measuring 
Electrical  Etesistance  in  Absolute  Units,  with  details  of  a  Method 
proposed  by  himself."    By  Prof.  G.  Cabby  Foster. 

"  On  the  Locus  of  the  Spectra  formed  by  Curved  Gratings."  By 
Mr.  Walter  Baily. 


Annual  General  Meeting, 
February  10th,  1883. 

Prof.  W.  G.  Adams,  M.A.,  F.R.S.,  Vice-President,  in  the  Chair. 

The  following  Report  of  the  Council  was  read  by  the  Vice- 
President  : — 

A  retrospect  of  the  proceedings  of  the  Society  during  each  suc- 
ceeding year  has  been  given  in  the  successive  Annual  Reports. 

In  the  present  year  a  more  comprehensive  view  may  fairly  be 
taken,  as  this  Annual  Meeting  completes  the  first  decade  of  our 
history.  It  is  true  that  the  first  Meeting  of  the  Society  was  not 
held  until  the  2l8t  of  March  1874,  and,  farther,  that  the  Society 
can  only  date  its  legal  existence  from  1876,  the  year  in  which  it 
was  formally  registered  in  accordance  with  the  provisions  of  the 
23rd  Sect,  of  the  Public  Companies  Act  1862 ;  but  its  formation  as 
a  Society  may  be  considered  to  have  begun  with  the  meeting  of  its 
Provisional  Committee  in  1873. 

Its  history  has  been  that  of  Physical  Science  generally  in  the 
United  Kingdom  for  the  past  ten  years,  for  almost  every  physicist  of 
eminence  has  either  joined  our  ranks  or  has  communicated  a  paper 
to  our  Meetings. 

We  have  established  an  enduring  bond  of  union  with  our  fellow 
workers  abroad ;  and  the  list  of  our  Foreign  Honorary  Members, 
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which  the  Council  will  probably  seek  powers  to  extend,  is  sufficient 
to  indicate  the  comprehensive  and  representative  character  of  our 
organization. 

The  Council  had  hoped  to  be  able  to  report  that  death  had  dealt 
gently  with  the  Members  of  our  Society,  and  that  during  the  past 
year  no  one  had  dropped  from  our  ranks  ;  but  yesterday  one  of  our 
most  distinguished  Members,  who  only  a  few  days  ago  was  em- 
ploying his  extraordinary  intellectual  powers  for  the  advancement 
of  various  branches  of  science,  passed  from  among  us,  and  we,  in 
conmion  with  many  other  Societies,  have  to  mourn  an  irreparable 
loss. 

Hewbt  Jobw  Stephen  Smith,  Savilian  Professor  of  Geometry  in 
the  University  of  Oxford,  died  at  Oxford  on  the  9th  of  Februar}-, 
at  the  age  of  fifty-six. 

Ever  since  his  admission  to  the  University  as  Scholar  of  Balliol 
College,  the  remarkable  powers  of  Henry  Smith,  both  in  literature 
and  science,  have  been  conspicuous.  His  Undergraduate  career, 
brilliant  almost  without  a  parallel,  was  followed  by  a  life  of  un- 
ceasing activity,  in  which  his  marvellously  varied  attainments, 
combined  with  his  great  capacity  for  business  and  his  unflagging 
energy,  excited  the  admiration  of  all  whose  good  fortune  it  was  to 
work  with  him  ;  while  his  genial  manners  and  his  many  social  gifts 
endeared  him  to  a  constantly  increasing  circle  of  friends,  from  whidi, 
it  may  safely  be  said,  no  one  who  was  once  admitted  ever  retired. 

Henry  Smith  was  bom  in  Dublin ;  but  he  has  lived  in  England 
since  the  death  of  his  father,  which  occurred  when  he  was  only  two 
years  old ;  and  he  was  educated  first  at  home  and  afterwards  at 
Kugby. 

In  1848  he  gained  the  Ireland  Scholarship  founded  "for  the 
promotion  of  Classical  learning  and  taste."  In  1849  be  passed  the 
examination  for  the  degree  of  EA.,  being  placed  in  the  first  class 
both  ^^  in  Literis  Humanioribus  *'  and  ^^  in  Disciplinis  Mathematicis 
et  Physicis.''  In  1851  he  won  the  Senior  Mathematical  Scholar- 
ship ;  and  he  had  thus  obtained  the  highest  distinctions  which  the 
University  of  Oxford  has  to  confer  both  for  Classics  and  Mathe- 
matics. He  speedily  became  Fellow  of  Balliol  College,  and  under- 
took the  office  of  Mathematical  Tutor  in  his  College ;  an  office  which 
he  retained  until  a  few  years  ago,  when  he  exchanged  his  Fellow- 
ship in  Balliol  for  one  in  Corpus  Christi  College. 

In  1861  he  was  elected  to  the  Savilian  Professorship  of  Geometry 
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rendered  vacant  by  the  death  of  Professor  Baden  Powell ;  and  in 
1874  he  succeeded  Professor  Phillips  as  Keeper  of  the  University 
Museum.  Both  these  appointments  he  held  up  to  the  time  of  his 
death. 

For  many  years  he  was  a  Member  of  the  Hebdomadal  Council  of 
the  University,  and  took  a  prominent  part  in  the  management  of 
University  business  ;  while  at  the  same  time  the  citizens  of  Oxford 
always  found  him  ready  to  assist  in  any  movement  for  the  promotion 
of  their  welfare  or  for  the  advancement  of  their  educational  in- 
stitutions. 

Lavishly  as  Professor  Smith  spent  his  time  in  the  service  of  the 
University  and  city,  his  energy  enabled  him  to  discharge  other  most 
important  and  responsible  duties.  He  was  a  Member  of  the  Royal 
Commission  on  Scientific  Education,  and  recently  of  the  Commission, 
appointed  under  the  Universities  of  Oxford  and  Cambridge  Act 
1877,  charged  with  the  task  of  making  new  statutes  for  the  Uni- 
versity and  Colleges  of  Oxford.  By  these  statutes  the  relations 
between  the  University  and  the  Colleges  have  been  considerably 
modified,  and  an  attempt  has  been  made  to  bring  the  constitution 
of  both  more  into  harmony  with  the  requirements  of  the  time ;  but 
he  only  lived  to  see  the  commencement  of  this  great  change ;  and 
the  loss  of  his  calm  judgment  and  his  guiding  hand  during  the  tran- 
sition period  makes  his  early  death  the  more  to  be  deplored. 

Professor  Smith  was  an  active  Member  of  the  Royal  Society,  of 
the  Royal  Astronomical  Society,  of  the  London  Mathematical  Society 
(of  which  he  was  recently  the  President),  and  of  the  British  Asso- 
ciation for  the  Advancement  of  Science ;  he  was  also  chosen  in  1880 
as  a  Corresponding  Member  of  the  Academy  of  Sciences  in  Berlin. 

When  the  Government  decided  to  place  under  the  control  of  a 
Special  Council  the  management  of  the  Meteorological  Office,  and 
the  organization  of  arrangements  for  collecting  and  utilizing  meteoro- 
logical observations.  Professor  Smith  was  selected  as  Chairman  of 
this  Council ;  and  he  carried  on  this  onerous  and  responsible  work 
to  the  last,  in  spite  of  an  accumulation  of  other  labours  which  would 
have  completely  overwhelmed  most  men,  even  if  endowed  with  un- 
usual powers  of  endurance. 

It  might  seem  that  in  the  discharge  of  the  duties  already  noticed 
the  time  of  a  busy  life  would  be  completely  accounted  for  ;  but  the 
principal  work  of  Professor  Smith  has  been  scarcely  mentioned. 
Before  and  above  all  he  was  a  Mathematician.  In  Mathematics 
centred  his  strongest  interests,  to  this  study  he  devoted  whatever 
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time  he  could  snatch  from  his  other  occupations,  and  by  his  investi- 
gations in  various  branches  of  this  subject  he  will  be  known  to 
posterity,  when  the  remembrance  of  his  other  labours  has  faded  away 

His  attention  was  specially  directed  to  Pure  Geometry,  to  the 
Theory  of  Elliptic  Functions,  and  to  the  Theory  of  Numbers.  On 
the  first  of  these  subjects  he  published  little ;  but  his  admirable 
lectures  have  instructed  many  successive  generations  of  Oxford 
students,  and  have  had  a  marked  influence  on  the  study  of  Geometry 
in  that  University.  Sad  as  it  is  that  he  was  prevented  from  carrying 
out  his  intention  of  arranging  these  lectures  for  publication,  it  is  to 
be  hoped  that  they  may  not  be  entirely  lost ;  his  own  notes,  com- 
bined with  those  taken  by  his  pupils,  may  yet  furnish  materials  for 
a  most  valuable  work. 

On  the  Theory  of  Elliptic  Functions  and  allied  subjects  several 
papers,  published  for  the  most  part  in  the  Transactions  of  English 
and  foreign  scientific  Societies,  bear  ample  testimony  to  Professor 
Smith's  great  power  of  dealing  with  different  and  refined  analytical 
problems,  and  suffice  by  themselves  to  place  him  in  the  first  rank  of 
contemporary  Mathematicians.  But  probably  his  fame  will  rest 
mainly  upon  his  contributions  to  his  favourite  subject — the  Theory 
of  Numbers.  His  Keports  (unfortunately  incomplete)  to  the 
British  Association  on  the  Theor}'  of  Numbers,  though  professedly 
only  an  account  of  knowledge  already  acquired,  are  full  of  original 
matter,  and  the  manner  in  which  he  has  connected  the  work  of  his 
predecessors  by  his  own  methods  will  be  an  enduring  memorial  of 
his  extensive  knowledge,  his  mathematical  genius,  and  hifi  admi- 
rably finished  style.  These  B«ports,  combined  with  communications 
to  the  Royal  Society,  the  French  Academy,  and  other  Societies,  will 
assuredly  secure  for  Professor  Smith  a  most  prominent  place  among 
the  writers  on  the  Theory  of  Numbers,  and  cause  him  to  be  asso- 
ciated with  Gauss,  Lejeune-Dirichlet,  Jacobi,  Legendre,  and  Cauchy. 

Early  in  his  career  Professor  Smith  gave  some  attention  to  Expe- 
rimental Science,  and,  although  other  studies  drew  him  away  from 
active  work  in  the  domain  of  Physics,  he  always  took  the  greatest 
interest  in  the  progress  of  that  subject,  and  he  used  his  powerful 
influence  in  promoting  the  study  of  it  in  Oxford.  To  his  ever  ready 
cooperation  and  his  wise  counsel  whatever  success  has  attended  the 
development  of  the  department  of  Physics  in  the  University  may  be 
largely  ascribed. 

The  study  of  Mathematics  is  so  absorbing  to  those  engaged  in 
extending  its  boundaries,  that  they  are  frequently  led  to  seek  retire- 
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ment  and  to  stand  aloof  from  the  movements  taking  place  in  the 
society  in  which  they  live.  This,  however,  was  not  the  case  with 
Professor  Smith ;  for  him  all  social  and  political  questions  had  the 
greatest  attraction,  and,  when  in  1878  a  vacancy  occurred  in  the 
representation  of  the  University  in  Parliament,  he  allowed  himself 
to  be  nominated  as  successor  to  Mr.  Gathorne  Hardy,  who  had 
been  raised  to  the  Peerage.  His  supporters,  however,  though  neither 
few  nor  undistinguished,  formed  but  a  forlorn  hope :  the  struggle 
ended  in  their  complete  defeat ;  and  thus  the  University  of  Oxford 
threw  away  the  chance  of  being  represented  by  the  most  gifted  of 
her  sons,  and  the  country  lost  the  opportunity  of  profiting  by  his 
keen  intellect,  his  wide  knowledge,  and  his  persuasive  eloquence. 

The  Society  now  consists  of  340  Members,  19  of  whom  were  ' 
elected  during  the  present  year.  During  the  past  ten  years  about 
330  communications  have  been  made  to  our  Meetings,  the  distinctive 
feature  of  which  has  been  the  abundant  and  elaborate  experimental 
illustrations  that  have,  in  nearly  all  cases,  accompanied  the  reading 
of  the  papers.  This  we  mainly  owe  to  the  care  of  our  Demonstrator, 
Dr.  Guthrie,  whose  watchfulness  over  our  interests  has  been  un- 
ceasiug  since  the  time  his  efforts  resulted  in  our  formation  as  a 
Society. 

Our  Pinancial  affairs,  so  ably  managed  by  Dr.  Atkinson,  who  has 
been  Treasurer  since  the  formation  of  our  Society,  are  in  a  thoroughly 
satisfactory  condition ;  and  the  Accounts  show  that  we  possess  neither 
the  poverty  that  would  cripple  our  usefulness,  nor  riches  which 
might  tend  to  make  us  rely  less  than  has  hitherto  been  the  case  on 
the  individual  efforts  of  our  Members. 

The  keynote  struck  by  Mr.  Fleming  in  tbe  new  Contact  Theory  of 
the  Galvanic  Cell,  the  first  paper  read  to  our  Society,  has  been  well 
maintained,  as  no  less  than  one  third  of  our  papers  during  the  past 
ten  years  have  been  on  subjects  connected  with  electricity.  * 

The  determination  of  the  Ohm  in  relation  to  the  British- Asso- 
ciation Unit  has  been  actively  carried  on  by  several  of  our  Members — 
Prof.  G.  C.  Foster,  Lord  llaylcigh,  Mr.  Glazebrook,  and  Professor 
Rowland.  It  will  be  remembered  that  the  Electrical  Congress  that 
met  in  Paris  in  1881  decided  to  retain  the  Mercury  Standard  for 
reproduction  and  comparison,  and,  while  adopting  the  absolute 
system  of  the  British  Association,  referred  the  final  determination 
of  the  unit  measure  of  resistance  to  an  International  Committee 
which  met  in  Paris  in  1882. 
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The  more  remarkable  coDtributions  to  the  Society  during  the  past 
year  consisted  of  discourses  by  Prof.  Bjerknes,  of  Christiania,  and 
Prof.  Eowland,  of  Baltimore.  Prof.  Bjerknes  (who  has  devoted 
twenty-five  years  to  tracing  analogies  between  hydrodynamical 
phenomena  and  those  of  electricity  and  magnetism)  illustrated  the 
static  attraction  and  repulsion  of  electricity  and  magnetism,  as  well 
as  electrodynamic  attractions  and  repulsions.  The  Members  will 
remember  that  he  employed  small  tambours,  pulsating  near  each 
other  in  water  or  other  media,  to  which  the  vibrations  were  imparted ; 
the  more  novel  effects  consisting  in  representations  of  the  mutual 
action  of  two  electric  currents  flowing  in  the  same  direction.  The 
experiments  were  of  remarkable  beauty. 

Prof.  Eowland  exhibited  on  November  17  a  number  of  his  new 
and  beautiful  concave  gratings,  which  consist  of  slabs  of  speculum 
metal  ruled  with  lines  varying  from  5000  to  42,000  to  the  inch ; 
one  result  of  Prof.  Rowland's  investigation  with  these  instruments 
being  the  division  of  certain  lines  of  the  spectrum  that  have  not 
hitherto  been  separated. 

Mr.  W.  Chandler  Boberts,  finding  that  his  official  duties  render  it 
impossible  for  him  to  devote  the  necessary  time  to  the  service  of  our 
Society,  retires  from  the  Secretaryship  he  has  held  since  1874.  The 
announcement  of  his  retirement  has  been  received  with  general 
regret ;  but  the  Council  felt  that,  considering  Prof.  Roberts's  recently 
increased  engagements,  they  could  not  fairly  urge  him  to  retain  his 
post. 

They  are  fortunate  in  having  secured  as  his  successor  Mr.  Walter 
Baily,  who  is  already  favourably  known  to  our  Members  by  his 
communications  to  our  Proceedings. 

It  has  been  suggested  that  notices  of  the  titles  of  papers  to  be 
road  at  our  Meetings  should  be  sent  to  each  Member  of  the  Society : 
and  the  Council,  anxious  at  all  times  to  carry  out  the  expressed 
wishes  of  the  Members,  has  arranged  that  all  who  desire  to  have 
such  notices  shall  receive  them  gratuitously  on  application  to  Messrs. 
Taylor  and  Francis  at  the  beginning  of  each  Session, 

With  regard  to  the  publications  of  the  Society  other  than  the 
'  Proceedings,*  the  Council  have  to  report  that  the  works  of  Dr. 
Joule  are  in  print  with  the  exception  of  about  100  pages,  which 
the  author  has  promised  to  furnish  very  shortly ;  and  the  Council 
confidently  expect  that  the  volume  will  be  issued  early  in  the  present 
year.  The  translation  and  reprinting  of  Volta's  works  will  remain 
in  abeyance  until  the  completion  of  Br.  Joule's  volume. 
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The  Council  has  also  under  consideration  the  publication  of  a 
Memoir  of  Dr.  Gilbert,  Physician  to  Queen  Elizabeth.  The  accuracy 
and  importance  of  his  chemical  and  physical  work  has  not  hitherto 
been  generally  recognized ;  and  as  the  Memoir  will  be  written  by 
Prof.  Ferguson,  of  Glasgow,  whose  eminence  as  an  historian  of 
science  is  well  known,  it  cannot  fail  to  bo  of  interest  and  value. 

The  Librarian  reports  that  the  Library  continues  to  be  in  a  very 
satisfactory  condition  ;  and  the  Council  will  shortly  be  asked  to  vote 
the  sum  necessary  to  defray  the  cost  of  binding  the  periodicals. 
Further  efforts  would,  however,  appear  to  be  needed  in  order  to 
effect  an  interchange  of  our  publications  with  those  of  other  Societies 
and  Institutions. 


The  Society  then  proceeded  to  the  election  of  Officers  and  Council 
for  the  ensuing  year;  and  the  following  were  declared  duly 
elected : — 

President.— ^Tot  11.  B.  Clifton,  M.A.,  F.R.S. 

Vice-President  (who  has  filled  the  Office  of  President). — Sir  Wm . 
Thomson,  LL.D.,  F.R.S. 

Vice-Presidents. — Prof.  G.  C.  Foster,  F.R.S. ;  J.  Hopkinson, 
M.A.,  D.Sc.,  F.R.S. ;  Lord  Rayleioh,  M.A.,  F.R.S. ;  Prof.  W. 
Chandler  Roberts,  F.R.S. 

^Secretaries. — Prof.  A.  W.  Reinold,  M.A.  ;  Walter  Baily,  M.A. 

Treasurer. — Dr.  E.  Atkinson. 

Demonstrator.— 2Tot  F.  Guthrie,  Ph.D.,  F.R.S. 

Other  Members  of  Council— Frof.  W.  G.  Adams,  M.A.,  F.R.S. ; 
Prof.  W.  E.  Ayrton,  F.R.S. ;  Shelford  Bidwell,  M.A.,  LL.B. ; 
W.  H.  M.  Christie,  M.A.,  F.R.S. ;  Prof^  F.  Fuller,  M.A. ;  R.  T. 
Glazebrook,  M.A.,  F.R.S. ;  R.  J.  Lecky,  F.R.A.S.  ;  Prof.  0.  J. 
Lodge,  D.Sc. ;  Hugo  M(Jller,  Ph.D.,  F.R.S. ;  Prof.  J.  Perry. 

The  following  was  elected  an  Honorary  Member : — 

Prof.  LUDWIG  BOLTZMANN. 

After  the  names  of  the  Council  and  Officers  had  been  announced 
from  the  Chair,  votes  of  thanks  were  passed : — to  the  Lords  of  the 
Committee  of  Council  on  Education;  to  the  President;  to  the 
other  Officers  ;  and  to  the  Auditors. 
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AT  IHI 

MEETINGS  OF  THE  PHYSICAL  SOCIETY 

OF  LONDON. 
SESSION  1883-84. 


February  10th,  1883. 
Prof.  Fuller,  Vice-President,  in  the  Chair. 

Annual  General  Meeting. 

The  Eeport  of  the  Council  was  read. 

The  Treasurer  made  his  Financial  Statement. 

The  Officers  for  the  Session  were  elected. 

Ordinary  Meeting, 

The  following  communication  was  made . — 

"  On  a  Graphic  Method  of  Measuring  the  Efficiency  of  an  Electric 
Motor."     By  Prof.  8.  P.  Thompson. 
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February  24th,  1883. 
Prof.  Cliptoit,  President,  in  the  Chair. 
The  following  were  elected  Members  of  the  Society : — 
Prof.  A.  W.  Scott,  M.A.  ;  F.  J.  M.  Paob,  B.8c. 

The  following  communications  were  made : — 

"On  Optical  Combinations  of  Crystalline  Films."  By  Lewis 
Wright. 

"Experimental  Demonstration  of  the  Vortical  Theory  of  the 
Solar  System."     By  Philip  Bbaham. 


March  10th,  1883. 
Prof.  G.  C.  FosTEB,  Vice-President,  in  the  Chair. 
The  following  was  elected  a  Member  of  the  Society : — 
Major  W.  S.  Boileau,  R.E. 

The  foUowing  commnuications  were  made : — 

"On   a  Method  of    Measuring  Electrical   Resistances   with   a 
Constant  Current."     By  Shelfobd  Bidwell. 

"  On  certain  Molecular  Constants."    By  Dr.  Guthrie. 


April  14th,  1883. 

Prof.  G.  C.  Foster,  Vice-President,  in  the  Chair. 
The  following  were  elected  Members  of  the  Society : — 

Wiluam  Frederick  Smith  ;  George  Forbes,  M.A.,  F.R.S.E. 
The  following  communications  were  made : — 

"On  Science  Demonstration  in  Board  Schools."  By  W.  Lant 
Carpenter. 

"  On  a  Polarizing  Prism."     By  B.  T.  Glazebrook. 

"  On  Curved  Diffraction  Gratings."    By  R.  T.G  lazebbook. 

"  On  the  Viscosity  of  a  Solution  of  Saponine."  By  W.  H.  Stables 
and  A.  E.  Wilson. 
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April  23rd,  1883. 
Prof.  Clzfton,  President,  in  the  Chair. 
The  following  commonications  were  made : — 

•'  On  Colour  Senaations."    By  H.  E.  Dboop. 
"  On  a  New  Photometer.**    By  Sir  John  Conbot. 
"On  the  Causes  and  Consequences   of  Glacier  Motion."      By 
W.  R.  Browne. 

"  On  a  New  Spectrometer."     By  the  Pbesidsnt. 


May  12th,  1883. 

Prof.  Clxfton,  President,  in  the  Chair. 

The  following  was  elected  a  Member  of  the  Society : — 
Alfred  Walker  Soward. 

The  following  communications  were  made : — 

"  On  an  Experiment  illustrating  Motion  produced  by  Diffusion." 
By  C.  J.  Woodward. 

"Some  Uses  of  a  New  Projection-Lantern."  By  W.  Last 
Carpenter. 

**  On  the  Determination  of  Chemical  Affinity  in  terms  of  Electro- 
motive Force.— Part  VII.  On  the  E.M.F.  of  Clark's  Merourous 
Sulphate  Cell."    By  Dr.  C.  N.  Alder  Wrioet  and  C.  Thompson. 

**  On  the  Complete  Determination  of  a  Double  Convex  Lens  by 
Measurements  on  the  Optical  Bench."    By  the  Presidsvt. 


May  26th,  1883. 
Prof.  Clifton,  President,  in  the  Chair. 

The  following  communicationB  were  made : — 

'^On  the  Graphical  Representation  of  Musical  Intervals."  By 
G.  Grifpith. 

**  On  a  Phenomenon  of  Molecular  Eadiation  in  Incandescent 
Lamps."    By  J.  A.  Flehino. 

"  On  the  Crossing  of  B^ys."     By  Walter  Bailt. 

*«  On  a  Modified  Form  of  Electric  Insulator."    By  the  Prbsidxht 
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June  9tli,  1883. 
Prof.  Clifton,  President,  in  the  Chair. 

The  following  communicationa  were  made : — 

'^On  an  Improyed  Construction  of  the  Movable  Coil  Galvano- 
meter for  Determining  Current  and  E.M.F.  in  Absolute  Measure/' 
By  Dr.  E.  Obach. 

"  On  the  Electric  Kesistance  of  Water."  By  Profs.  W.  E.  Atbton 
and  J.  Perbt. 

"  On  Apparatus  for  Experiments  on  Centrifugal  Force."  By  Profs. 
W.  E.  Atrton  and  J.  Perry. 

"On  Measuring  the  Moment  of  Inertia  of  a  Fly-wheel."  By 
Profs.  W.  E.  Ayrton  and  J,  Perry. 


June  23rd,  1883. 

Prof.  Clipton,  President,  in  the  Chair. 

The  following  was  elected  a  Member  of  the  Society : — 
C.  H.  Stearn. 

The  following  communications  were  made : — 

'*0n  the  Cause  of  Evident  Magnetism  and  Neutrality  in  Iron 
and  Steel."    By  Prof.  D.  E.  Hughes. 

"  On  the  Sine  Electrometer."     By  Prof.  G.  Mikchin. 

"On  the  Electric  Conductivity  and  other  Properties  of  the 
Copper-Antimony  Alloys."    By  G.  Kamexsky. 


November  10th,  1883. 
Prof.  Clipton,  President,  in  the  Chair. 
The  following  communications  were  made : — 

"On  the  Velocity  of  Sound  in  Tubes  of  Various  Diameters." 
By  D.  J.  Blaixley. 

"On  the  Moment  of  a  Compound  Magnet."      By  E.  H.  M. 

BCSANQVSI. 

"  On  the  Electrical   B^sistance   of  the  Skin,   and  on  certain 
Medico-Electrical  Appliances."    By  W.  Laitt  Carpenter. 
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November  24th,  1883. 
Prof.  CuPTON,  President,  in  the  Chair. 

The  following  communications  were  made : — 

"  On  the  Purification  of  Mercury  by  Distillation  in  vacv/>.  By 
J.  W.  Clam. 

'*  On  a  Method  of  Determining  the  Constant  of  an  Electro- 
dynamometer.''    By  A.  P.  Shattock. 

'*0n  the  Measurement  of  the  Curvature  of  Lenses,  and  the 
Refractive  Indices  of  Liquids  by  means  of  Newton's  Kings."  By 
the  PREsiDEirT. 


December  8th,  1883. 

Prof.  G.  C.  Foster,  Vice-President,  in  the  Chair. 

The  following  were  elected  Members  of  the  Society : — 

Walter  G.  Grbgort,  B.A.  ;  Major  C.  A.  Macoreoor,  R.E. ; 
James  Walker,  M.A. 

The  following  communications  were  made  ; — 

^*  On  Dolbear's  Static  (Condenser)  Telephone,  and  its  Use  in  an 
Apparatus  analogous  to  Wheatutone's  Bridge  for  Comparing  the 
Capacities  of  two  Condensers."     By  Prof.  S.  P.  Thompsok. 

"On  a  Simple  Eorm  of  Insulating  Stand."  By  Prof.  S.  P. 
Thompson. 

"  On  an  Illustration  of  certain  Electrostatic  Phenomena  by  means 
of  Mayer's  Ploatiag  Magnets."    By  Prof.  8.  P.  Thompson. 

"  On  Experiments  illustrating  Attraction   and  Repulsion.     By 

J.  MONCKMAN. 

*'  On  an  Integrating  Anemometer."     By  Walter  Bailt. 


January  26th,  1884. 
Prof.  Clipton,  President,  in  the  Chair. 

Special  General  Meeting. 

Resolutions  were  passed  to  make  certain  alterations  in  the 
Articles  of  Association  of  the  Society,  which  would  give  to  Articles 
36,  39,  and  48  the  following  form  :— 

Art.  36.   "  The  affairs  of  the  Society  shall  be  managed  by  a 
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Connoil  consisting  of  a  President,  Permanent  Vice-Presidents,  not 
more  than  four  nor  less  than  two  other  Vice-Presidents,  two  Secre- 
taries, a  Treasurer,  a  Demonstrator,  and  not  more  than  ten  other 
persons^  all  of  whom  must  be  Ordinary  Members  of  the  Society.'' 

Art.  39.  "  At  each  Annual  General  Meeting  all  Members  of  the 
Council,  except  the  Permanent  Vice-Presidents,  shall  retire  from 
Office,  and  the  Society  shall  elect  a  New  Council  in  manner  herein 
provided." 

Art.  48.  "  Every  Member  of  the  Society  who  has  filled  the  Office 
of  President  shall  be  a  Permanent  Vice-President." 

Ordinary  Meeting, 
The  following  was  elected  a  Member  of  the  Society : — 
Fuwe  Yeb. 

The  following  communications  were  made : — 

*^  On  the  Construction  and  Adjustment  of  Direct  Beading  Electric 
Measuring  Instruments."     By  Profs.  W.  E.  Atrtow  and  J.  Perry. 

"  On  the  Determination  of  Chemical  Affinity  in  terms  of  Electro- 
motive Eorce. — Part  VIII.  On  the  E.M.F.  set  up  during  Inter- 
diffusion."    By  Dr.  C.  E.  Alder  Wri&ht  and  C.  Simpsoit. 


Annual  General  Meeting. 

February  9th,  1884. 

Prof.  CuPTOK,  President,  in  the  Chair. 

The  Besolutions  passed  at  the  Special  Meeting  on  January  the 
26th  were  confirmed. 

The  following  Beport  of  the  Council  was  read  by  the  President : — 

The  Session  of  the  Society  which  has  just  been  completed,  though 
not  marked  by  the  communication  of  any  great  dbcovery,  has  been 
fuU  of  steady  work.  The  Meetings  have  been  well  attended,  and 
the  papers  and  discussions  have  fully  occupied  the  time  at  our 
disposal.  Several  interesting  communications  on  lenses  have  been 
made  by  the  President,  of  which  the  Council  hope  before  long  to  be 
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famished  with  the  M8S.,  so  that  these  communications  may  be 
published  in  the  *  Proceedings.'  The  beautiful  optical  effects  pro- 
duced by  Mica  EUms,  prepared  by  Mr.  Lewis  Wright,  and  the 
striking  experiments  on  Magnets,  shown  by  Prof.  Hughes,  will  be 
vividly  remembered.  A  careful  series  of  measurements  on  the  Telo- 
city of  Sound  in  Air  has  been  made  by  Mr.  Blaikley ;  and  the  im- 
portant subjects  of  Ck>lour-sensation8  and  Colour-blindness  have  been 
brought  before  the  Society  by  Mr.  Droop. 

In  the  report  of  1883  it  was  mentioned  that  the  Council  had 
arranged  that  all  Members  who  desired  notices  of  the  titles  of  papers 
to  be  read  at  our  Meetings  should  receive  them  gratuitously  on 
application  to  Messrs.  Taylor  and  Francis.  During  the  past  Session 
these  notices  have  been  sent  two  or  three  days  before  each  Meeting 
to  about  seventy  Members,  and  it  has  been  possible  by  this  means 
to  announce  communications  of  which  the  Secretaries  have  received 
notice  too  late  for  announcement  in  the  weekly  papers. 

The  Council  have  for  some  time  felt  the'  difficulty  of  retaining  the 
services  of  those  who  have  held  the  important  office  of  President, 
and  at  the  same  time  of  recommending  at  each  election  a  sufficient 
number  of  new  Members  of  Council.  In  order  to  remove  this  diffi- 
culty the  Council  have  proposed,  and  the  Society  has  made,  a  change 
in  the  Articles  of  Association,  which  will  give  to  all  past  Presidents 
the  position  of  permanent  Vice- Presidents.  This  is  a  rule  in  some 
other  societies,  and  the  Council  believe  that  its  adoption  will  be 
found  advantageous. 

The  Library  has  been  rearranged.  Volumes  and  numbers  required 
to  complete  sets  have  been  obtained,  either  by  purchase  or  gifts. 
The  publications  requiring  it  have  been  prepared  for  binding.  The 
whole  has  been  catalogued,  and  consists  of 

Volumes. 
Separate  Works 480 

Transactions  of  Societies,  Proceedings,  and  Periodicals  200 
Separate  memoirs   88 

768 

The  Library  has  been  enriched  by  several  donations,  the  principal 
of  which  is  a  recent  and  most  acceptable  gift,  by  Lady  Siemens,  of 
119  volumes,  forming  part  of  the  library  of  her  late  husband,  whose 
lamented  death  has  deprived  this  Society  of  one  of  its  most  honoured 
members.  The  Society  is  also  indebted  to  Dr.  Guthrie  for  gifts  of 
many  valuable  works. 
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The  printing  of  the  first  Tolume  of  Joule's  works  is  now  finished^ 
and  the  sheets  are  ready  for  the  binders.  A  specimen-copy  has 
been  bound  for  inspection,  and  the  volume  will  shortly  be  in  the 
hands  of  Members.  The  ready  access  to  these  important  papers  will 
be  a  valuable  aid  to  the  prosecution  of  Physical  Eesearch.  Some 
progress  has  been  made  in  the  translation  of  Yolta's  works,  but  the 
death  of  the  gentleman  to  whom  the  work  was  entrusted  has  caused 
an  interruption,  and  fresh  arrangements  will  hare  to  be  made  by  the 
Council. 

The  Council  would  again  call  attention  to  the  obligation  under 
which  the  Society  rests  to  the  Lords  of  the  Committee  of  Council  on 
Education  for  the  use  of  the  Physical  Lecture-room  and  Labora- 
tories, so  generously  placed  at  their  disposal. 

The  Society  has  to  deplore  the  loss  by  death  of  an  unusually  large 
number  of  its  Members,  including  several  of  the  foremost  men  of 
science.  The  last  annual  report  was  read  immediately  after  the 
death  of  Henry  John  Stephen  Smith.  In  this  report  we  have  to 
record  the  deaths  of  the  President  of  the  Eoyal  Society,  of  Sir 
William  Siemens,  of  M.  Plateau,  of  Mr.  Cromwell  Eleetwood  Yarley, 
of  Lieut.  Hastings  B.  Lees,  and  of  Mr.  C.  Merrifield. 

William  Spottiswoode,  descended  from  an  old  Scotch  family  which 
has  produced  many  distinguished  members,  was  bom  in  London  on 
January  11, 1825.  He  entered  Balliol  Coll^;e,  Oxford,  in  1842,  took 
a  first-class  in  Mathematics  in  1845,  and  obtained  the  Junior,  and 
afterwards  the  Senior  Mathematical  Scholarships.  He  is  described 
as  having  already  an  extraordinary  liking  for,  and  great  skill  in,  the 
Morphology  of  Mathematics.  Upon  leaving  Oxford  he  entered  into 
the  business  of  the  Queen's  Printers,  which  was  resigned  to  him  by 
his  father.  He  continued  in  that  business  throughout  his  life,  and  it 
was  largely  developed  under  his  care.  He  was  elected  a  Fellow  of 
the  Eoyal  Society  in  1853,  and  held  the  office  of  Treasurer  from  1871 
to  1878.  In  1879  he  became  President,  and  held  that  office  until 
his  death.  He  was  President  of  the  British  Association  in  1878, 
and  of  the  London  Mathematical  Society  from  1870  to  1872.  He 
was  admitted  a  Member  of  this  Society  in  its  first  Session  in  1874. 
He  received  the  degree  of  LL.D.  at  Cambridge,  Dublin,  and  Edin- 
burgh, and  that  of  D.C.L.  at  Oxford.  Mr.  Spottiswoode's  greatest 
distinction  was  earned  in  the  region  of  Pure  Mathematics,  and  his 
numerous  and  important  papers  were  specially  characterized  by 
elegance  and  symmetry.     Up  to  the  year  of  1871  his  communi- 
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catdoDS  to  science  appear  to  have  been  almost  entirely  confined  to 
Mathematics ;  bat  about  that  time  he  began  to  devote  his  attention 
more  to  Physics,  and  he  was  naturally  attracted  to  that  branch  of 
Physics  in  which  the  elegance  and  symmetry  he  delighted  in  are 
most  conspicuously  shown.  In  1871  he  published  in  the  *  Philoso- 
phical Magazine'  a  paper  ''On  some  Experiments  on  Successive 
Polarization  made  by  Sir  C.  Wheatstone."  This  was  followed  in 
1872  by  a  paper  in  the  *  Proceedings '  of  the  Boyal  Society,  "On  the 
Bings  produced  by  Crystals  when  submitted  to  circularly  Polarized 
Light,"  and  by  a  paper  in  1874,  "  On  Combinations  of  Colour  by 
Polarized  light "  (also  communicated  to  this  Society).  In  1875  a 
communication  ''  On  a  revolving  Polariscope  "  was  made  to  the  Eoyal 
Institution  and  to  this  Society.  The  other  Physical  subject  to 
which  his  attention  was  specially  given  was  the  Electric  Discharge 
in  vacuo.  In  this  investigation  he  spared  no  expense  in  apparatus, 
and  his  well-known  induction-coil  is  the  largest  which  has  been 
made.  His  papers  on  this  subject,  published  in  the  '  Proceedings ' 
of  the  Royal  Society,  are: — 1874-76,  "On  Stratified  Discharges 
through  Barefied  Gases ; "  1876-77,  "Observations  with  a  Bevolving 
Mirror,"  and  "  On  a  rapid  Contact-breaker,  and  the  Phenomena  of 
the  Flow  "  (also  communicated  to  this  Society) ;  1 877,  "  On  Stratified 
and  Unstratified  forms  of  the  Jar-Discharge,"  and  "  Photographic 
Image  of  the  Stratified  Discharge;"  1878,  "Discharge  from  a  Con- 
denser of  large  Capacity;"  1879,  "  On  the  Sensitive  Stat^  of  Elec- 
trical Discharges  through  Barefied  Gases "  (also  communicated  to 
this  Society) ;  1879-80,  "  On  some  of  the  Effects  produced  by  an 
Induction-Coil  with  a  de  Meritens  Magneto-electric  Machine,"  and 
"On  the  Sensitive  State;"  1881,  "  On  Shadows  of  Striae  and  Mul- 
tiple Badiations  from  Negative  Terminal,"  and  "  On  the  Movement 
of  Gas  in  Vacuum  Discharges."  Several  of  the  latter  papers  were 
prepared  in  combination  vrith  Mr.  J.  F.  Moulton.  As  President  of 
the  Bojal  Society  Mr.  Spottiswoode  was  able  to  bring  great  capacity 
for  business,  unerring  tact,  and  wide-spread  sympathy  to  promote 
the  advancement  of  science.  He  died  of  typhoid  fever  on  June  27, 
1883.  The  high  estimation  in  which  he  was  held,  and  the  deep 
regret  felt  for  his  loss,  are  shown  in  the  very  general  request  that 
he  should  be  buried  in  Westminster  Abbey,  where  he  now  lies, 
among  those  great  men  whom  England  desires  to  hold  in  special 
remembrance. 

Chables  William  Siemens  was  born  at  Leuthe,  in  Hanover,  on 
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April  4, 1823.  In  1843  he  oame  to  England  to  introduce  a  new 
method  of  electro-gilding,  invented  by  himself  and  his  brother 
Werner,  and  was  enabled  by  the  help  of  Mr.  Elkington  to  bring  it 
into  practical  nse.  The  next  year  he  returned  to  England  with  his 
Chronometric  Governor,  a  modification  of  which  is  now  in  use  in 
the  Greenwich  Observatory  for  regulating  the  motion  of  instruments. 
In  1850  he  received  from  the  Society  of  Arts  its  Gold  Medal  for  his 
Eegenerative  Condenser.  In  1853  he  read,  before  the  Society  of 
Civil  Engineers,  a  paper  "  On  the-  Conversion  of  Heat  into  Mecha- 
nical Effect,"  for  which  he  received  the  Telford  Premium  and  the 
Medal  of  the  Institution.  In  1857,  in  conjunction  with  his  brother 
Frederick,  he  brought  out  what  was  probably  his  greatest  invention, 
the  Begenerative  Gas-Fumace,  in  which  the  heated  products  of 
combustion  are  made,  on  leaving  the  furnace,  to  give  up  their  heat 
to  the  gas  and  air  which  are  entering.  The  very  high  temperature 
obtained  in  such  a  furnace  enabled  Mr.  Siemens  to  develop  a  new 
method  of  manufacturing  steel,  which  has  been  so  successful  that 
steel  made  by  his  method  is  largely  used  in  the  manufacture  of 
boilers  and  hulls  of  ships.  In  1867  the  principle  underlying  all  the 
dynamo  machines  was  communicated  by  him  to  the  Royal  Society 
in  a  paper,  <*  On  the  Conversion  of  Dynamical  into  Electrical  Force 
without  the  aid  of  Permanent  Magnetism."  The  invention  was  due 
to  Werner  Siemens ;  but  it  had  also  occurred  to  Sir  Charles  Wheat- 
stone,  and  was  announced  by  him  to  the  Boyal  Society  in  a  paper 
read  by  him  on  the  same  evening  as  that  on  which  Mr.  Siemens's 
paper  was  read.  The  firm  of  Siemens  Brothers  has  been  largely 
employed  in  the  construction  of  submarine  cables,  and  more  recently 
in  that  of  electrical  machines.  The  Portrnsh  and  Bushmill  Electric 
Tramway,  completed  only  two  months  before  his  death,  forms  one 
of  Dr.  Siemens's  greatest  achievements.  He  made  some  experiments 
on  the  growth  of  plants  under  the  electric  light,  and  took  a  great 
interest  in  the  construction  of  arrangements  for  the  consumption  of 
smoke.  He  was  made  a  D.C.L.  of  Oxford  in  1870,  and  was  knighted 
in  March  last,  besides  receiving  many  other  honours.  He  was 
elected  a  FeUow  of  the  Royal  Society  in  1862,  and  served  on  the 
Council  in  1869  and  1870.  He  was  admitted  a  Member  of  this 
Society  in  its  first  Session  in  1874.  Sir  William  Siemens  combined 
great  amiability  of  character  with  resistless  energy,  and  dear 
knowledge  of  scientific  principles  with  boundless  futility  of  inven- 
tion. He  has  been  preeminent  in  the  application  of  science  to  the 
wants  of  life ;  and  his  loss  must  needs  make  our  progress  in  this 
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application  slower  than  it  might  otherwise  have  been.    He  died  on 
November  19, 1883. 

Lieut.  Hastikos  B.  Lees  was  bom  on  January  4,  1853.  He 
entered  the  Navy  as  Naval  Cadet  on  the  *  Britannia '  in  1866,  and 
attained  the  rank  of  Lieutenant  in  1875.  After  passing  through 
the  usual  courses  of  study  at  Greenwich  and  Portsmouth  in  order  to 
qualify  for  a  Gunnery-Lieutenant,  he  was  appointed  to  the  '  Swift- 
sure  '  flagship  in  the  Pacific.  In  October  last,  when  on  shore  at 
Vancouver  Island,  he  was  thrown  from  a  carriage  and  died  from  the 
injuries  he  then  received. 

lieut  Lees  was  a  promising  officer,  and  keenly  interested  in  all 
scientific  matters  connected  with  his  profession.  He  became  a 
Member  of  this  Society  in  March  1879. 

Cbomwell  FuEETwoon  Vablet  was  bom  in  the  year  1828,  and  in 
1846  he  entered  the  service  of  the  then  infant  Electric  Telegraph 
Company.  He  not  only  had  had  a  good  scientific  training,  but  he 
was  well  versed  in  the  use  of  tools;  and  having  a  remarkable  apti- 
tude for  the  application  of  scientific  knowledge  to  practical  purposes, 
he  soon  made  himself  a  valuable  and  useful  officer.  He  remained 
in  the  service  of  the  Telegraph  Company  until  1866,  having  attained 
the  highest  office  open  to  him,  and  having  very  materially  improved 
the  working  of  their  system.  Prom  that  date  he  became  associated 
with  Atlantic-Cable  enterprises,  and,  in  conjunction  with  Sir  William 
Thomson  and  Professor  Pleeming  Jenkin,  he  solved  the  difficult 
problem  of  long-cable  working.  His  career  was  connected  entirely 
with  telegraphy.  He  took  out  no  less  than  thirty-three  patents. 
He  introduced  accurate  measurement  in  testing  lines  and  localizing 
faults ;  but  his  principal  invention  was  the  application  of  condensers 
to  expedite  the  working  of  long  submarine  cables.  The  specifica- 
tions of  Lis  numerous  patents  contain  a  mass  of  original  observations 
that  anticipated  much  later  work ;  and  he  had  a  remarkable  skill  in 
applying  the  crade  ideas  of  others  and  seisdng  upon  their  practical 
bearing.  As  an  experimental  electrician  he  was  unrivalled,  and  his 
skill  was  remarkably  shown  in  localizing  faults  at  the  bottom  of  the 
ocean. 

Among  the  more  important  of  Mr.  Yarley's  purely  scientific 
papers  may  be  mentioned  two  papers  in  the  *  Proceedings '  and 
*  Transactions '  of  the  Eoyal  Society.  One  of  these  was  a  remark- 
able investigation  into  the  nature  of  the  electric  discharge  in  rarefied 
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gaaes,  in  which  he  proved  that  appreciable  mechanical  force  was 
exerted  upon  surfaces  exposed  to  the  discharge,  a  fact  since  more 
fully  investigated  by  Mr.  Crookes.  The  second  related  to  the 
influence  of  electrification  on  the  capillary  properties  of  a  surface  of 
mercury  in  contact  with  diluted  sulphuric  acid,  a  subject  to  which 
the  subsequent  researches  of  Mens.  G.  lippmann  have  attracted  a 
considerable  amount  of  attention.  He  died  on  the  2nd  of  September 
last. 

Joseph  Antodte  Esbdhtaivd  Plateau  was  bom  at  Brussels  on  the 
14th  of  October,  1801.  He  studied  Mathematics  and  Physios,  after 
leaving  school^  at  the  University  of  Li^ge,  where  he  received  the 
degree  of  Doctor  in  1829.  His  inaugural  thesis,  '^  On  some  Properties 
of  the  Impressions  produced  by  Light  on  the  Organ  of  Vision,"  raised 
him  to  a  high  rank  among  men  of  science.  In  18S4  he  presented 
to  the  Royal  Academy  of  Belgium  his  memorable  work  entitled 
•  Essay  on  a  General  Theory  embracing  all  the  Visual  Appearances 
which  succeed  the  Contemplation  of  Coloured  Objects  Ac*  In  1835 
Plateau  was  nominated  Professor  of  Physics  at  the  University  of 
Ghent.  As  a  teacher  and  as  an  investigator  his  work  was  charac- 
terized by  the  ingenuity  with  which  he  conceived  and  arranged  his 
experiments,  multiplied  and  veuied  them  to  an  infinite  extent, 
employing  the  most  simple  and  ordinary  means,  such  as  are  within 
the  reach  of  every  one. 

In  1829,  at  the  very  outset  of  his  scientiflc  career,  wishing  to 
observe  the  consecutive  effects  of  a  strong  excitation  of  the  retina, 
Plateau,  carried  away  by  his  passion  for  science,  committed  the  fatal 
imprudence  of  fixing  his  eyes  for  nearly  twenty  seconds  on  the  solar 
disk  in  its  full  brightness.  This  experiment  gives  us  an  idea  of  the 
energy  and  devotion  with  which  Plateau  pursued  his  studies.  Un- 
happily it  entailed  upon  him  the  most  disastrous  consequences :  he 
remained  blind  for  several  days ;  his  sight  returned,  but  his  eyes 
had  received  permanent  injury,  and  his  sight  gradually  became 
weaker,  until,  in  1843,  fourteen  years  after  his  fatal  experiment,  it 
was  entirely  extinguished.  This  loss,  irreparable  as  it  was,  could 
not  check  the  scientific  ardour  of  Plateau. 

He  was,  before  everything,  an  experimenter,  and  his  principal 
instrument  of  research  having  failed  him,  he  was  determined  to  see 
through  the  eyes  of  others.  As  his  experiments  extended  into 
several  distinct  domains  of  science,  it  was  necessary  for  him  to 
borrow  the  eyes  of  a  great  many  different  persons. 

Plateau  had  been  the  pioneer  in  a  special  domain  of  physiological 
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optics;  blind,  he  created  a  branch  of  experimental  physics.  In 
1842  appeared,  in  the  '  Bulletin '  of  the  Royal  Academy  of  Belgium, 
his  work  '*  On  the  Phenomena  presented  by  a  Mass  of  Free  Liquid 
removed  from  the  Action  of  Gravity."  The  experiments  in  questioUt 
characterized  by  beauty  and  ingenuity,  were  realized,  as  were  most 
of  his  experiments,  with  the  simplest  possible  appliances.  This 
work  was  the  starting-point  of  a  long  series  of  researches,  not  less 
remarkable,  on  Molecular  Forces,  published  between  1849  and  1868 
under  the  title  *^  Experimental  and  Theoretrical  Eesearches  on  the 
Figures  of  Equilibrium  of  a  Mass  of  Liquid  without  Weight."  In 
1873  these  papers  were  collected  and  published  in  two  volumes,  with 
the  title '  Statique  experimentale  et  theorique  des  liquides  soumia 
aux  seules  forces  mol^ulaires.' 

An  activity  so  considerable  in  other  fields  of  science  did  not, 
however,  prevent  him  from  pursuing  the  subject  of  his  early  labours 
and  his  first  triumphs.  His  blindness  naturally  arrested  his  re- 
searches on  physiological  optics.  The  arrest,  however,  was  but  mo- 
mentary :  having  drilled  his  helpers  to  this  kind  of  investigation,  he 
continued  his  studies,  defended  by  the  aid  of  new  experiments  the 
ideas  which  he  had  previously  propounded,  and,  blind  as  he  was, 
arrived  at  new  and  important  results  on  luminous  and  coloured 
sensations.  In  1872  he  published  the  work  "  On  the  Measure  of 
Physical  Sensations,"  in  which  he  controverted  the  views  of  E.  H. 
Weber  and  Fechner.  In  1878  he  communicated  to  the  Eoyal 
Academy  of  Science  of  Belgium  a  paper,  "  On  a  Law  of  Persistence 
of  Impressions  in  the  Eye,"  a  work  too  little  known,  in  which  he 
completes  and  rectifies  one  of  the  propositions  formulated  fifty  years 
before.  From  1877  to  the  time  of  his  death,  which  occurred  on 
September  15,  1883,  Plateau  was  engaged  in  compiling  a  valuable 
catalogue  of  all  the  papers  he  could  meet  with  which  bore  on  his 
special  optical  inquiries. 

Plateau  was  a  Commander  of  the  Order  of  Leopold,  Member  of  the 
Eoyal  Academy  of  Belgium,  Correspondent  of  the  Institute  of  France, 
Member  of  the  Academy  of  Sciences  of  Berlin,  the  Boyal  Academy  of 
Sciences  of  Amsterdam,  and  the  Boyal  Society  of  London.  He  was 
elected  an  Hon.  Member  of  the  Physical  Society  on  February  8, 1879. 

Chakles  Watkins  Merhifieli)  was  bom  at  Brighton  in  1828. 
He  received  an  appointment  in  the  Education  Department  in  1847, 
and  was  soon  promoted  to  the  office  of  Examiner.  In  1867  he  was 
appointed  Principal  of  the  Koyal  School  of  Naval  Architecture  and 
Marine  Engineering  at  South  Kensington ;  but  on  the  transfer  of. 
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thifl  department  to  Greenwich  he  resumed  his  office  as  Examiner  in 
the  Education  Department.  He  was  for  many  years  Honorary 
Secretary  of  the  Royal  Institute  of  Naval  Architecture.  He  was 
elected  a  Fellow  of  the  Royal  Society  in  1863.  He  was  President  of 
the  Section  of  Mechanical  Science  at  the  British-Association  Meeting 
in  1869.  He  had  also  held  the  office  of  President  of  the  London 
Mathematical  Society,  and  was  one  of  the  original  Members  of  the 
Physical  Society.  His  contributions  to  Mathematics  were  very 
numerous,  and  he  wrote  some  important  papers  on  sea-waves.  For 
some  years  he  frequently  sat  as  Scientific  Assessor  in  the  Wreck- 
Court  ;  he  also  served  on  several  Royal  Commissions.  He  died  on 
the  1st  of  January  last. 

The  Treasurer  made  the  Financial  Statement  given  below. 

The  Society  then  proceeded  to  the  election  of  Officers  and  other 
Members  of  Council  for  the  ensuing  year.  The  Council  was  con- 
stituted as  follows : — 

Pruident—Frot  F.  Guthrie,  Ph.D.,  F.R.S. 

Permanent  Vice-Presidents.— ^ot  W.  G.  Adams,  M.A.,  F.R.8. ; 
Prof.  R.  B.  Clipton,  M.A.,  F.R.S. ;  Prof.  G.  C.  Fobtbe,  F.R.S, ; 
Dr.  J.  H.  Gladstonb,  F.R.S. ;  Sir  Wiluam  Thomson,  LL.D.,  F.R.S. 

Other  Vice-Presidents.— FrotW.'E.  Atrtoh,  F.R.S.;  J.  HoPEWsoir, 
M.A.,  D.Sc.,  F.R.S.;  Lord  Ratlbioh,  M.A.,  FJI.S.;  Prof.  W. 
Chaudler  Roberts,  F.R.S. 

Secretaries. — Prof.  A.  W.  Reinold,  M,A.,  F.R.8.  ;  Walter  Bailt, 
M.A. 

Treasurer. — Dr.  E.  Atkinsoit. 

Demonstrator.— Frot  F.  Guthrie,  Ph.D.,  F.R.S. 

Other  Members  of  Council. — Soblforo  Bidwell,  M.A.,  LL.B. : 
Conrad  W.  Cooke  ;  Prof.F.  Fuller^  M.A. ;  R.  T.  Glazebbooe,  M.A., 
F,RS. ;  R.  J.  Leckt,  F.R.A.S. ;  Prof.  0.  J.  Lodge,  D.Sc  ;  Prof. 
H.  McLeod,  F.R.S. ;  Hugo  MCller,  Ph.D.,  F.R.S. ;  Prof.  J.  Pbbrt, 
^JE. ;  Prof.  S.  P.  Thompson,  D.Sc. 

The  following  was  elected  an  Honorary  Member : — 
Prof.  H.  A.  Rowland. 

Totes  of  thanks  were  passed  to  the  Lords  of  the  Committee  of 
Goiinoil  on  Education ;  to  the  Prbsidbnt;  and  other  Officers  of 
tho  Society ;  and  to  the  Avditors. 
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The  following  works  hare  been  presented  to  the  Society : — 

Carpenter,  W.  L.    Eneigj  in  Nature.  The  Author. 

Du  Bois-Raymond.    Thierische  Electricitfit.    2  yols.  Lady  Siemens. 

Biihring.    Critische  Geschichte  der  Mechanik.  „ 

Eisenlohr.    Lehrhuch  der  Phyaik.  „ 

Gregory,  G.    Economy  of  Nature.    8  vols.  „ 

Eirchhoff.    Gesammelte  Abhandlung.  „ 
Loan  Collection  of  Scientific  Apparatus,  1876.  Catalogue.  Dr.  Guthrie. 

Marhach.    Physikalisches  Lezikon.    6  vols.  Lady  Siemens. 

Mascart  and  Joubert  (Atkinson).    Electricity  and  Dr.  Atkinson. 

Magnetism. 

Miiller.    Fortschritte  der  Physik.  Lady  Siemens. 

Begnault.    Cours  de  Chemie.    4  vols.  „ 

Keuliaux.    Der  Constructeur.  „ 

Saunier.    Treatise  on  Horology.    2  vols.  E.  Rigg«  Esq. 

.    Watchmaker's  Handbook.  „ 

Stanley.     On  Fluids.  The  Author. 

Technological  Dictionaiy.    Eng.j  Fr.,  &  Ger.    S  vols.  Lady  Siemens. 

University  College,  London.    Catalogue  of  Libraxy.  The  College. 

3  vols. 

The  following  are  the  principal  Periodicals  which  have  been 
presented  to  the  Society : — 


Great  Britain  and  Ireland, 


Royal  Society.    Proceedings,  29  vols. 


Dr.  Guthrie. 


Phil.  Trans.    27  vols. 

.    Phil.  Trans.    Abridged  by  Button.    18  vols. 

.    Catalogue  of  Scientific  Papers.    8  vols. 

Royal  Dublin  Society.    Transactions. 
Royal  Institution.    Proceedings.    6  vols. 

.    Proceedings.    4  vols. 

Chemical  Society.    Journal.    20  vols, 

.    .    IS  vols. 

Physical  Society.    Proceedings.    2  vols. 

Society  of  Arts.    Journal. 

Listitute  of  Mechanical  Engineers.    Proceedings. 

Society  of  Telegraph  Eng.  and  Electricians.    Journal 

Cambridge  PhiL  Society.    Proceedings.   4  vols. 


The  Society. 
Lady  Siemens. 
The  Society. 
Lady  Siemens. 
Dr.  Guthrie. 
Lady  Siemens. 
The  Society. 
The  Institute. 
The  Society. 
The  Society. 
L.  Clarke,  Esq. 


Society  of  PhUoeophicil  Experiments  and  Conversations. 

Minutes. 
Philosophical  Magazine.    44  vols.  Lady  Siemens. 

The  Inventors'  Record.    7  vols.  „ 

Stonyhurst  College.    Observations.  Prof.  Peny. 
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Scientific  Roll. 

Kew  Committee.     Report 

Radcliffe  Library,  Oxford.    Catalogue  of  Additions. 

University  College,  London.    Calendar. 

Glasgow  University  Calendar. 

America. 
The  Smithsonian  Institution.    Report 
Johns  Hopkins  University  Circulars.    12  Nos. 
American  Philosophical  Society.    Proceedings,  5  vols. 

France. 
Sod^t^  Fran9aise  de  Physique.    Ordres  du  jour. 


Stances. 


Bureau  des  Longitudes.    Annuaire. 
Les  Mondes.    23  vols. 

Germany. 
Repertorium  fur  Experimental  Physik.    21  vols. 
Jahresberichte  Fortschritte  der  Chemie. '  8  vols. 

der  Physik.     80  vols. 

Centralblatt  Chemisches.    81  vols. 
Omelin.    Handbook  of  Chemistry.    8  vols. 

Jajpan, 
Science  Department,  Tokio.    Memoirs. 
Seismological  Society  of  Japan.    Proceedings. 

NortDoy, 
Norwegian  North-Atlantic  Expedition.    8  vols. 

Russia. 
St  Petersburg  Journal  of  Chemistry  and  Physics. 


The  Editor. 
The  Committee. 
The  library. 
The  College. 
The  University. 


The  Institution. 
The  University. 
Lady  Siemens. 

The  Society. 

The  Bureau. 
Lady  Siemens. 

Lady  Siemens. 

9} 

Dr.  Guthrie. 
Lady  Siemens. 

The  Department 
The  Society. 

The  Committee. 

The  Editors. 


Digitized  by 


Google 


PROCEEDINGS 


0¥  THB 


PHYSICAL    SOCIETY   OF   LONDON. 


From  April  1884  to  February  1885. 


VOL.  VI. 


LONDON! 
PRINTED  BY  TAYLOR  AND  FRANCIS, 

BED  LION  C017BT,  FLBET  STREST. 
MDCCCLXXXY. 


Digitized  by 


Google 


PBIVIED   BT  TATLOR  AKD   FBAITCIS, 
BBD  HON  COUBT,  TLEBT  8TBBET. 


Digitized  by 


Google 


CONTENTS. 
VOL.  VI. 


Pag« 

On  the  Phenomena  exhibited  by  Busty  Air  in  the  neighbour- 
hood of  strongly  Illuminated  Bodies.  By  Oliver  J.  Lodge 
and  J.  W.  Clark.     Parti.     (Plate  I.) 1 

On  some  Experiments  illustrating  an  Explanation  of  Hall's 
Phenomenon.    By  Shelford  Bidwell,  M. A.,  LL.B.    (Plate  II.)    29 

On  the  Adjustment  of  Besistance-Coils.  By  Professor  Silvanus 
P.  Thompson,  B.A.,  D.Sc.,  Univ.  Coll.  Bristol 47 

Note  on  the  Electric  Conductivity  and  other  Properties  of  the 
Copper- Antimony  Alloys.  By  George  Kamensky,  Assoc. 
Royal  School  of  Mines 53 

Direct-Heading  Electro-Measuring  Instruments,  and  a  Non- 
Sparking  Key.  By  Professors  W.  E.  Ayrton,  F.B.S.,  and 
John  Perry,  M.E.     (Plate  in.)    69 

On  a  Practical  Point  in  connexion  with  the  Comparison  of 
Resistances.  By  W.  N.  Shaw,  M.A.,  Emmanuel  College, 
Cambridge.    (Plate  IV.)  71 

Note  on  Hull's  Phenomenon.     By  Herbert  Tomlinson,  B.A.  . .     74 

On  the  Determination  of  Chemical  Affinity  in  terms  of  Elec- 
tromotive Force.— Part  VIII.  By  C.  R.  Alder  Wright,  D.Sc. 
(Lond.),  F.R.S.,  Lecturer  on  Chemistry  and  Physics,  and 
C.  Thompson^  Demonstrator  of  Chemistry,  in  St.  Mary's 
Hospital  Medical  School.     (Plate  V.) 77 

On  an  Integrating  Anemometer.  By  Walter  Baily,  M.A. 
(Plates  VI.  &  VII.)    115 

On  a  Modified  Resistance-Balance.  By  Professor  Silvanus  P. 
Thompson,  B.A.,  D.Sc.     (Plate  Vlll.) 121 

On  Eut^xia.     By  Frederick  Guthrie     124 


Digitized  by 


Google 


IT  CONTENTS. 

Pace 

On  a  "  Speed  Indicator  "  for  Ships*  Propellers.  By  Sir  Archi- 
bald CampbeU  of  Blyfchswood  and  W.  T.  Goolden.  (Plate 
IX.)   147 

The  Gaa-Engine  Indicator-Diagram.  By  ProfeBSors  W.  E. 
Ayrton,  F.R.S.,  and  John  Perry,  M,E.     (Plate  X.)     149 

On  Salt-Solutions  and  Attached  Water.     By  Frederick  Guthrie  169 

On  a  new  Apparatus  for  Colour-Combinations.  By  H.  H. 
Hoffert,  B.Sc.,  A.R.S.M.,  Assistant  in  the  Physical  Labo- 
ratory, South  Kensiiigton.    (Plate  XI.) 200 

On  a  Method  of  Measuring  the  Electrical  Capacity  of  a  Con- 
denser, and  on  the  Determination  by  Electrical  Observations 
of  the  Period  of  a  Tuning-fork.  By  B..  T,  Glazebrook, 
M.A.,  F.R.S.,  Demonstrator  of  Experimental  Physics  at  the 
Cayendish  Laboratory,  Cambridge    , . , 204 

On  the  Thermal  llelationship  between  Water  and  certain  Salts. 
By  B,  Illingworth  and  A.  Howard   , 212 

Preliminary  Notice  of  a  new  Sunshine-Recorder,  By  Herbert 
M*Leod,  F.R.S 216 

A  Magneto-electric  Phenomenon.  By  C.  V.  Boys,  A.R.S.M., 
Demonstrator  of  Physics  at  the  Science  Schools,  South  Ken- 
sington    218 

Experiments  on  the  Velocity  of  Sound  in  Air.  By  D.  J. 
Blaikley.     (Plate  XII.) 228 

On  the  Alterations  in  the  Electrical  Resistances  of  Metallic 
Wires,  produced  by  Coiliug  and  Uncoiling.  By  James  Hopps, 
Superintendent  of  Workshops,  Royal  Indian  Engineering 
College,  Cooper's  HiU      (Plate  XIII.) 235 

Oq  some  Thermal  and  Volume  Changes  attending  Mixture.  By 
Frederick  Guthrie , ; 249 

On  the  Determination  of  Chemical  Affinity  in  terms  of  Elec- 
tromotive Force.— Part  IX.  By  C.  R.  Alder  Wright,  D.Sc. 
(Lend.),  F.R.S.,  Lecturer  on  Cliemistry  and  Physics,  and 
C.  Thompson,  F.C.S.,  Demonstrator  of  Chemistry,  in  St. 
Mary's  Hospital  Medical  School 275 

A  Capillary  Multiplier.  By  A.  M.  Worthington,  M.A.  (Plate 
XIV.  figs.  1  &  2)   361 


Digiti 


zed  by  Google 


CONTENTS.  ▼ 

Note  on  a  Point  in  the  Theory  of  Pendent  Drops,  By  A,  M. 
Worthington,  M.A.    (Plate  XIV,  figs,  3-5)    355 

The  Influence  of  an  Electric  Current  in  Modifying  the  Rate  of 
Thinning  of  a  Liquid  Film.  By  Prof.  A.  W.  Reinold,  F.B.8., 
and  Prof,  A.  W.  Riioker,  F.R.8 357 


[At  end  of  Volume.] 


Proceedings  at  the  Meetings,  and   Report  of  the  President  and 
Council  for  the  Session  1884-85. 


Digitized  by 


Google 


Digitized  by 


Google 


PLATES. 


I.  Illustrative  of  Messrs.  0.  J.  Lodge  and  J.  W.  Clark's  Paper 
on  the  Phenomena  exhihited  by  Dusty  Air  in  the  neigh- 
bourhood of  strongly  Illuminated  Bodies. 

II.  Illustrative  of  Mr.  8.  Bidwell's  Paper  on  some  Experiments 
illustrating  an  Explanation  of  Hall's  Phenomeuon. 

III.  Illustrative  of  Profe.  W.  E.  Ayrton  and  John  Perry's  Paper 

on  Direct-Heading  Electro-Measuring  Instruments,  and 
a  Non-Sparking  Key. 

IV.  Illustrative  of  Mr.  W.  N.  Shaw's  Paper  on  a  Practical 

Point  in  connexion  with  the  Comparison  of  Resistances. 

V.  Illustrative  of  Messrs.  C.  R.  Alder  Wright  and  C.  Thomp- 
son's Paper  on  the  Determination  of  Chemical  Affinity 
in  terms  of  Electromotive  Force,  Part  VIII. 

VI.  &  VII.  Illustrative  of  Mr.  Walter   Baily's   Paper  on  an 
Integrating  Anemometer. 

VIII.  Illustrative  of  Prof.  S.  P.  Thompson's  Paper  on  a  Modified 
Resistance-Balance. 

IX.  Dlustrative  of  Sir  A.  Campbell  and  Mr.  W.  T.  Goolden's 
Paper  on  a  "  Speed-Indicator  "  for  Ships'  Propellers. 

X.  Illustrative  of  Profs.  W.  £.  Ayrton  and  John  Perry's  Paper 
on  the  Gas-Engine  Indicator-Diagram. 

XI.  Illustrative  of  Mr.  H.  H.  Hoffert's  Paper  on  a  new  Appa- 
ratus for  Colour-Combinations. 

XII.  Illustrative  of  Mr.  D.  J.  Blaikley's  Paper  on  Experiments 
on  the  Velocity  of  Sound  in  Air. 

XIII.  Illustrative  of  Mr.  J.  Hopps's  Paper  on  the  Alterations  in 

the  Electrical  Resistances  of  Metallic  Wires,  produced  by 
Coiling  and  Uncoiling. 

XIV.  figs.  1  &  2.  Illustrative  of  Mr.  A.  M.  Worthington's  Paper 

on  a  Capillary  Multiplier. 

„      figs.  3-5.  Illustrative  of  Mr.  A.  M.  Worthington's  Paper  on 
a  Point  in  the  Theory  of  Pendent  Drops. 


Digitized  by 


Google 


Digitized  by 


Google 


PROCEEDINGS 


OP 


THE  PHYSICAL  SOCIETY 

OF  LONDON. 


April  1884. 

I.  ()n  the  Phenomena  exhibited  by  Dusty  Air  in  tlie  neighbour^ 
hood  of  strongly  Illuminated  Bodies.  By  Oliyeb  J*  LoDOB 
and  J.  W.  Clark  *. 

Part  I. 
[Plate  I.] 

In  the  course  of  a  lecture  on  Dust  and  Disease  given  at  the 
Royal  Institution  in  1870,  Dr.  Tyndall  calls  attention  to,  and 
fullj  illustrat.es  by  experiment,  a  dark  or  dust-free  region 
which  he  had  observed  in  the  convection-currents  rising  from 
hot  solids  placed  in  the  path  of  a  powerful  beam  of  light  (see 
Proc.  Roy.  Inst.  vol.  vi.  p.  1,  also  ^  The  Floating  Matter  of  the 
Air ').     He  describes  this  dark  stream  as  of  surprising  sharp- 
ness and  definiteness^  especially  when  it  is  seen  above  an 
ignited  platinum  wire,  the  line  of  sight  being  parallel  to  the 
wire  but  at  right  angles  to  the  beam.     Dr.  Tyndall  also  gave 
two  explanations  of  the  phenomena — one  of  which  he  consi- 
dered to  be  applicable  when  the  solid  is  at  a  red  or  white 
heat;  the  other  applicable  when  the  body  is  at  some  more 
moderate  temperature,  such  as  that  of  boiling  or  even  warm 
water.     The  first  explanation  is  that  the  dust  is  absolutely 
burnt  and  consumed  by  the  heat;  the  second  is  that  the  hot 

*  An  abstract  was  read  on  Februaiy  9, 1884. 
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body  warms  the  air  in  contact  with  it,  which  air  therefore 
rises,  dragging  the  dust  after  it  but  getting  a  slight  start  in 
advance  of  the  dust,  so  that  a  thin  stratum  of  the  advance  air 
from  either  side  of  the  body  is  free  from  dust,  and  the  min- 
gling of  the  two  strata  constitutes  the  dark  plane.  This  goes 
on  continually  as  long  as  the  convection-currents  are  pro- 
duced by  the  body;  and  so  the  dark  plane  is  permanent  while 
the  body  is  hot. 

Prof.  Frankland,  in  another  paper  on  Dust  and  Disease, 
gives  a  still  simpler  account  of  the  matter,  and  considers 
(Proc.  Roy.  Soc.  vol.  xxv.  p.  542)  that  the  observation  proves 
that  "  a  very  large  proportion  of  the  suspended  particles  in 
the  London  atmosphere  consists  of  water  and  other  volatile 
liquid  or  solid  matter."  In  other  words.  Prof.  Frankland 
considers  that  the  dust  is  simply  dried  up  by  the  heat. 

These  three  explanations  seem  to  have  been  sufficiently 
plausible  to  satisfy  those  who  may  have  examined  or  exhibited 
the  phenomena  discovered  by  Dr.  Tyndall,  until  in  1881  Lord 
Bayleigh  repeated  and  extended  the  original  observation, 
^'  not  feeling  satisfied  with  the  explanation  of  the  dark  plane 
given  by  the  discoverer  "  (Roy.  Soc.  Dec.  21, 1882;  ^  Nature,' 
vol.  xxviii.  p.  139).  He  used  a  glass  box  to  prevent  draughts, 
and  his  hot  body  was  usually  a  small  copper  spade  which 
could  be  warmed  from  the  outside  of  the  box  with  a  spirit- 
lamp.  He  called  attention  to  the  fact  that  the  stream-lines 
round  the  obstacle  follow  the  electrical  law  of  flow,  because 
the  warm  obstacle  is  itself  the  origin  of  the  motion.  He 
showed  that  smoke  was  not  evaporated  by  being  blown 
through  a  hot  glass  tube  into  sunshine,  and  he  conclusively 
disproved  any  evaporation  hypothesis  by  reversing  the  whole 
phenomenon :  cooling  the  rod  instead  of  heating  it,  and  causing 
the  dark  plane  to  stream  downwards. 

Lord  Rayleigh  further  suggested  an  hypothesis  of  his  own 
to  account  for  the  dark  plane  in  a  simple  mechanical  manner, 
viz.  that  the  curvature  of  the  stream-lines  near  the  surface  of 
the  obstacle  was  such  as  to  cause  the  heavier  dust-particles  to 
be  thrown  outwards  away  from  the  body,  and  thus  to  leave  a 
thin  layer  of  air  free  from  dust.  To  test  this  hypothesis  he 
made  a  special  centrifugal  experiment  with  a  whirling  table, 
the  direct  result  of  which  was  negative;  but  it  led  to  the 
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obseryation  of  ati  apparent  parification  of  air  by  contact  with 
a  solid,  which  if  followed  np  might  have  led  a  good  deal 
further.  It  was  not  followed  up,  however,  though  the  remark 
is  made  that  ^^  it  would  seem  as  if  this  kind  of  contact  was 
sufficient  to  purify  the  air  without  the  aid  of  centrifugal 
force;"  and  the  paper  concludes  with  another  test  of  the 
centrifugal  force  hypothesis,  concerning  which,  finally,  "  no 
absolute  conclusion  can  be  drawn." 

In  the  autumn  of  1883  our  attention  was  called  to  the 
matter  by  Lord  Rayleigh's  article  in  ^Nature;'  and  being  struck 
with  the  apparent  total  collapse  of  all  explanations  hitherto 
offered,  we  proceeded  to  repeat  the  experiments  with  some 
care.  The  first  result  of  any  importance  which  we  obtained 
was  the  fact  that  the  dark  plane  hitherto  observed  to  rise 
from  a  warm  body,  or  to  sink  from  a  cold  one,  is  only  a  con- 
tinuation of  a  dark  or  dust-free  coat  of  uniform  thickness  and 
sharp  outline  which  completely  invests  the  body;  and  we  were 
led  to  the  conclusion  that  this  coat  is  the  most  important  part 
of  the  phenomenon,  because  the  up  or  down  streaming-planes 
seem  only  to  be  that  portion  of  the  coat  which  is  being  con- 
tinuously wiped  off  by  convection-currents,  the  coat  on  the 
body  being  as  continually  renewed  by  some  action  not  by  us 
then  understood.  This  fact,  together  with  a  few  other  results 
having  reference  mainly  to  the  effect  of  electrifying  the  solid 
body,  was  communicated  iu  a  letter  to  ^  Nature '  (26th  July, 
1883,  vol.  xxviii.  p.  297). 

Since  then  we  have  continued  the  observations.  We  shall 
first  describe  generally  the  methods  of  experiment  and  the 
phenomena  observed. 

Gene9*al  Methods  of  Experiment. — In  all  cases  the  electric 
fight  has  been  employed  to  illuminate  the  bodies  under  exa- 
mination in  dusty  media.  For  the  examination  in  air  and 
gases  two  principal  forms  of  apparatus  have  been  employed. 
Flute  I.  fig.  5  shows  the  glass  box  which  has  been  used  for  ordi- 
nary air.  The  sides  and  one  end  are  of  glass,  the  other  end  is 
of  wood  and  perforated  with  a  hole  for  a  cork;  the  top  is  also 
of  wood,  but  provided  with  a  wide  slot,  which  can  be  closed  by 
a  glass  plate,  so  as  to  allow  the  substance  under  examination 
to  be  illuminated  from  above,  or  by  perforated  wooden  covers 
through  which  tubes,  wires,  &c.  could  be  introduced  when  it 
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was  desired  to  test  the  electrical  or  other  condition  of  the 
body  noder  examination.  The  box  is  closed  at  the  bottom  by 
standing  it  upon  a  Uotting-paper  pad  on  one  of  Quincke's  ad- 
justable glass-plated  supports.  A  fragment  of  magnesium  wire 
burnt  beneath  the  box  served  to  introduce  air  laden  with  mag- 
nesic-oxide  particles;  and  by  removing  the  cover  from  the  top  of 
the  box  tol>acK;o  smoke  could  be  readily  blown  in,  or  ammonic- 
chloride  smoke  by  a  current  of  air  directed  into  the  box 
through  a  heated  tube  containing  ammonic  chloride.  The 
body  under  examination  wi\s  supported  near  the  glass  end  of 
the  box  either  by  means  of  the  small  adjustable  clip  shown  in 
fig.  7y  or  passed  through  the  cork  in  the  opposite  wooden  end 
of  the  chamber.  Fig.  6  illustrates  this  UKxle  of  support,  the 
thin  line  representing  a  fine  platinum  wire  attached  to  two 
stout  copper  wires  through  which  a  current  to  ignite  the 
wire  could  be  passed.  Metal  rods  thus  supported  could  be 
directly  heated  from  without  by  means  of  a  gas-flame,  and,  if 
desired,  be  insulated  by  passing  through  glass  tubes  in  the 
cork. 

Ordinarily  the  convergent  beam  of  the  electric  light  heated 
the  body  sufficiently,  especially  when  it  had  been  previously 
blackened  in  the  smoke  of  burning  camphor.  For  the  exa- 
mination in  dry  air  and  in  different  gases,  either  at  the  atmo- 
spheric or  at  lower  pressures,  the  more  complicated  apparatus 
shown  in  fig.  8  has  been  employed.  The  larger  end  of  the 
horizontal  observing  vessel  is  closed  with  a  plane  glass  plate, 
through  which  observations  were  made.  The  other  end  of  the 
vessel  was  closed  with  an  india-rubber  cork  carrying  two 
thermometers.  The  one  served  to  indicate  the  temperature  of 
the  air  within  the  vessel;  the  cylindrical  bulb  of  the  other 
was  covered  with  camphor  smoke  and  served  as  the  surface 
upon  which  the  coat  formed,  and  also  indicated  its  tempe- 
rature approximately.  Inert  gases  were  dried  by  passing 
through  concentrated  sulphuric  acid  and  through  asbestos 
mixed  with  phosphoric  anhydride;  others,  like  ammonia,  by 
passing  through  finely  divided  calcic  oxide  and  caustic  potash. 
The  gases  then  passed  through  a  wide  tube  containing  am- 
monic chloride  into  the  experimental  chamber.  By  applying 
a  gentle  heat  to  this  tube  of  ammonic  chloride,  the  gas  could 
readily  be  charged  with  its  particles.    For  pressure  in  excesa 
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of  the  atinospberic,  the  form  of  apparatas  shown  in  fig.  9 
has  been  employed. 

For  the  examination  in  liqnids  the  box  shown  in  fig.  10 
was  constructed.  It  has  two  plain  glass  sides.  The  doable 
brass  tube  was  aboat  0*5  centim.  in  diameter,  and  passed 
through  a  cork  in  the  back  of  the  box:  this  tube  was  heated 
either  by  a  current  of  steam  or  by  simply  converging  the 
beam  from  the  lamp  upon  it.  To  render  the  liquid  turbid, 
particles  of  dried  ferric  oxide  have  been  found  to  answer  well. 
With  this  form  of  apparatus,  as  also  with  those  previously 
described,  the  light  has  been  passed  in  through  the  side  of  the 
vessel,  the  body  being  examined  through  the  glass  in  a  line  with 
its  axis  but  at  right  angles  to  the  direction  of  the  beam  of  light. 

The  appearances  presented  by  the  body  were  observed  either 
by  the  eye,  through  a  hand  lens,  or  through  one  of  Quincke's 
microscopes  provided  with  a  micrometer  eye-piece,  indicated 
in  fig.  8. 

General  description  of  Black  or  Dtist-free  Coat  and  Plane, — 
Before  proceeding  to  a  more  detailed  description  of  the  ap- 
pearances about  to  be  described  under  varying  conditions, 
we  will  briefly  state  what  occurs  when  a  rod  of  electric-light 
carbon,  in  ordinary  air  holding  magnesic  oxide  in  suspension, 
is  illuminated  at  right  angles  to  its  axis  at  a  place  near  the 
observed  end  by  the  converged  beam  of  the  electric  light,  and 
is  viewed  in  a  line  with  its  axis.  A  water-cell  conveniently 
intercepts  a  part  of  the  radiation  and  renders  the  action 
slower.  A  careful  examination  at  the  first  instant  of  turning 
on  the  light  will  usually  reveal  the  dust-particles  in  close 
proximity  to  the  surface  of  the  rod,  but  in  the  case  of  a 
black  solid  they  almost  instantly  leave  it,  and  after  a  barely 
appreciable  interval  of  time  the  upward  and  rapid  convec- 
tion-currents commence.  There  is  now  a  thin  ring  of  per- 
fectly dust-free  air  and  of  great  definiteness  surrounding  the 
carbon  rod,  a  little  thicker  on  the  illuminated  side,  but 
distinctly  traceable  all  round.  On  the  top  of  the  rod  this 
ring  is  seen  to  stream  upwards,  the  up-streaming  portion 
being  at  first  broad,  but  rapidly  narrowing  into  a  black  line 
of  very  appreciable  width,  which  is  often  traceable  for  a  long 
distance  through  die  turbid  air  of  the  box.  The  black  ring 
surrounding  tlie  carbon  cylinder   is  the  dust-free  coatj  the 
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black  line  rising  from  the  top  of  it  is  the  dust-free  plane; 
the  junction  of  the  two  the  base  of  the  plane. 

On  the  nnder  surface  of  Hie  rod  the  particles  are  seen 
rushing  up  to  the  edge  of  the  dark  coat^  not  entering  it^  but 
curling  away  to  the  right  and  to  the  left,  as  if  this  coat  were 
the  real  surface  of  the  solid.  Fig.  la  shows  the  rod  in  section 
surrounded  by  its  coat  and  the  plane  on  the  top;  fig.  1  shows 
also  the  paths  followed  by  the  dust-particles.  It  will  be 
observed  that  the  dust-particles  follow  the  airnstream  lines^ 
moying  vrith  the  air^  not  through  it :  any  considerable  motion 
of  particles  across  stream-lines  would  soon  obliterate  the  dark 
plane,  whereas  it  is  very  persistent  and  is  seen  sometimes 
coiling  itself  up  into  a  spiral.  Another  point  of  much  in- 
terest is  the  distribution  of  the  velocities  of  the  dust-particles 
at  different  distances  from  the  surface  of  the  solid  on  a 
horizontal  line  perpendicular  to  its  surface.  In  the  case  of 
carbon  the  velocities  are  all  so  great  that  individual  particles 
are  not  readily  traced,  but  under  favourable  circumstances  it 
may  be  noticed  that  the  particles  reach  their  maximum  velo- 
city at  an  appreciable  distance  outside  the  black  coat.  It 
may  be  of  interest  here  to  state  that  on  the  surface  of  ice 
the  coat  and  plane  are  absent,  and  the  velocity  distribution, 
considered  as  above,  is  apparently  uniform  up  to  a  point  so 
near  the  surface  of  the  solid  as  to  be  indistinguishable  from  it 
with  any  degree  of  certainty. 

We  must  now  proceed  to  consider  these  appearances  in 
greater  detail,  and  the  conditions  under  which  they  undergo 
modification.  The  contents  of  this  paper  may  be  conveniently 
smnmarized  under  the  following  heads: — 

1.  Experiments  made  with  a  view  to  ascertain  the  influ- 
ence of  size,  shape,  and  nature  of  surface  of  the  body  exa- 
mined. 

2.  Experiments  made  with  a  view  to  ascertain  the  effect  of 
temperature,  electric  potential,  and  other  conditions  of  the 
body. 

3.  Experiments  made  on  bodies  of  different  material. 

4.  Experiments  made  to  observe  the  effect  of  pressure  on 
the  smoky  medium. 

5.  Experiments  made  to  examine  the  behaviour  of  different 
kinds  of  smoke — («)  volatile,  ()8)  non- volatile. 
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6.  Experiments  on  bodies  which  themselves  gi^e  off  smoke 
or  vapour. 

7.  Experiments  made  to  examine  the  conditions  under  which 
dust  settles  on  surfaces. 

8.  Experiments  made  in  media  of  different  natures^  e.  g* 
different  gases  and  liquids. 

1.  Experiments  on  the  Infltience  of  Size,  Shape j  and 
Nature  of  Surface. 

(a)  Size, — To  see  whether  the  size  of  the  body  had  any 
marked  effect  on  the  width  of  the  dark  coat  and  plane,  we 
have  used  cylinders  of  various  thickness  {e,  g.  iron  wires  '15  and 
'4  centim.  diam.,  carbon  rods  '7  and  1*22  centim.);  but  without 
temperature-measurements  it  is  useless  to  exactly  specify  the 
results.  We  judge,  however,  that  the  thickness  of  the  dark 
coat  is  independent  of  the  size  of  the  body  (other  things  being 
the  same),  but  that  the  rising  dark  plane  is  best  marked  on 
rods  of  moderately  large  diameter;  certainly  ii»  base  is 
bigger. 

(b)  Shape, — In  our  early  experiments,  when  examining  the 
appearances  of  the  dark  plane,  we  used  copper  scraps  cut  and 
bent  into  very  various  shapes ;  but  we  found  the  dark  coat  on 
all  of  them,  and  that  the  up-streaming  of  the  dark  plane  was  a 
simple  matter  of  stream-lines ;  so  we  need  only  specify  the 
results  for  a  few  of  the  more  important  shapes.  In  the  great 
majority  of  cases  we  used  a  simple  round  rod,  and  its  appear- 
ance has  been  already  described.  A  flat  horizontal  plate  or 
spade,  a  centimetre  or  less  in  width,  shows  a  coat  all  over  its 
under  surface,  very  thin  coats  at  its  edges  where  the  currents 
are  violent,  and  a  dark  plane  rising  from  a  broad  base,  conti- 
nuous with  the  dark  coat  on  its  upper  sarface.  On  a  horizontal 
flat  copper  plate,  6  centim.  wide,  the  coat  on  the  upper  sur- 
face is  very  thick,  being  little  disturbed  by  currents.  Its 
outline  is  not  perfectly  sharp,  and  it  hovers  or  wavers  about, 
some  portions  being  thicker  than  the  rest,  and  appearing 
likely  to  form  upward  streamers,  though  they  seldom  do. 
There  is  a  certain  amount  of  up-streaming  from  the  coat, 
mainly  from  near  the  edges.  On  perforating  the  plate  with 
a  hole  of  about  0*07  centim.  in  diameter,  a  thin  line  of  dust- 
laden  air  rises  through  the  black  coat  on  the  under  surface 
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of  the  plate^  and  emerges  into  the  black  coat  on  the  upper 
snrface  like  a  miniatnre  volcano.  K  it  emerge  into  dusty  air 
the  small  smoke-column  is  sometimes  seen  thinly  edged  with 
black  from  having  passed  so  near  a  soHd. 

A  vertical  flat  plate  has  good  coats  and  a  plane.  With  thin 
mica  or  copper,  '003  inch  thick,  the  coats  are  rather  thicker 
near  the  top  of  the  plate  than  near  the  bottom,  and  the  dust 
touches  the  plate  near  the  bottom,  as  proved  by  a  deposit  of 
dust  which  forms  there.  Blackening  the  surface  increases  the 
thickness  of  the  coats. 

A  hemicylinder  of  sheet-copper  was  examined  (a)  with  the 
concave  side  turned  towards  the  light,  (b)  turned  upwards, 
and  (c)  with  the  concave  surface  turned  downwards.  Its  ap- 
pearance in  position  a  is  shown  in  fig.  2;  its  interior  is  lined 
with  a  good  dark  coat.  The  coat  was  first  seen  on  this  piece. 
In  position  b  a  coat  surrounds  the  surface,  and  from  the  two 
upper  edges  rise  dark  planes.  We  illuminate  this  from  above 
by  a  45^  mirror.  On  the  inner  surface  the  definiteness  of  tlie 
boundaiy  of  the  coat  is  not  so  good.  Position  c  gives  a  dark 
plane  from  the  top  much  as  a  round  rod  does  ;  and  inside 
also  the  dust-free  coat  is  thick  and  well-marked.  Wishing  to 
make  the  air  inside  more  stagnant,  we  glazed  in  its  ends  with 
mica,  so  as  to  stop  even  longitudinal  currents,  and  now  the 
gravitational  settling  of  the  dust  broadened  the  inside  dark 
coat ;  but  the  coat  narrowed  to  its  customary  width  when  con- 
vection-currents were  caused  to  circulate  within  the  cavity. 
The  different  thickness  of  coat  on  curved  surfaces  is  well  shown 
by  using  the  hemicylinder  of  glass,  shown  in  fig.  4.  The 
coat  is  evidently  thickest  where  gravitation  assists  it,  and 
thinnest  where  it  opposes  it. 

The  behaviour  of  very  thin  films  is  curious.  Vertical 
glass  films  about  '0003  inch  thick  usually  show  no  dark  coat 
at  all,  and  they  either  set  up  no  convection-currents,  or  those 
which  they  set  up  are  exceedingly  sluggish.  Strips  of  ordinary 
glass  give  good  coats,  the  one  on  the  illuminated  side  appear- 
ing first.  It  seems  as  if  very  thin  films  were  incompetent 
to  absorb  enough  radiation.  (It  has  been  incidentally  noticed 
that  these  glass  films,  when  freshly  blown,  adhere  together 
when  placed  in  contact.  After  standing  in  the  air  for  a  few 
hours  this  does  not  take  place.) 
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A  lump  of  rock-salt  in  ordinary  air  exhibited  dark  coats 
and  a  plane,  but  this  might  be  dae  to  moisture  on  the  surface. 
A  good. plate  of  clear  rock-salt,  in  air  thoroughly  dried  with 
phosphoric  anhydride,  behaved  just  like  the  thin  glass  films, 
giving  no  coats  and  doubtful  convection-currents.  A  plate  of 
mica  0*002  inch  thick  absorbs  sufficient  radiation  to  exhibit 
the  effects,  though  when  the  sheet  was  horizontal  the  coat  on 
its  upper  surface  was  very  badly  marked.  Mica  showed  an 
unexpected  result,  which  is  described  later  on. 

Horizontal  glass  tubes  filled  with  smoke,  and  immersed  in 
the  beam,  have  been  examined  by  looking  along  the  axis. 
The  air  inside  is  nearly  stagnant,  but  the  smoke  collects  in 
the  axis  of  the  tube,  leaving  a  clear  dark  space  or  ring  all 
round.  The  smoke  settles  also  more  slowly  when  the  glass 
is  thus  warm  than  when  it  is  at  the  temperature  of  the  air. 

(c)  Nature  of  Surface. — Of  three  copper  rods,  one  was 
tightly  covered  with  blotting-paper,  one  with  cotton  wool,  and 
the  third  left  uncovered.  They  were  all  smoked  with  cam- 
phor-black, and  exposed  to  the  beam  :  the  cotton-wool  surface 
showed  slightly  the  broadest  plane.  But  the  effect  of  such 
variation  of  surface  is  not  marked,  and  is  probably  insignifi- 
cant. Other  experiments  made  with  smooth  electric-light 
carbon,  and  carbon  roughened  with  sand-paper,  led  to  the 
same  conclusion. 

2,  Earperimenta  made  on  Solids  at  diferent  Temperatures. 

To  determine  roughly  the  heating-power  of  the  beam  of 
light  used,  and  to  see  at  what  temperature  the  dark  plane  be- 
came distinctly  visible,  a  thermometer  with  its  cylindrical 
bulb  blackened  with  camphor-smoke  was  inserted  horizontally 
into  the  box  (fig.  5),  and  used  as  the  solid  to  be  examined. 
When  the  smoke  was  introduced,  the  thermometer  read  21°. 
A  few  seconds  after  the  light  had  been  turned  on,  the  dark 
plane  was  visible,  and  the  thermometer  read  21°'2.  At  21°'5 
the  plane  was  good,  but  there  was  no  coat  visible  to  the  eye. 
At  22°  the  coat  appeared,  and  at  23°  it  was  distinct.  The 
thermometer  was  still  rising  rapidly,  and  soon  attained  35°. 
The  water-vessel,  which  had  been  used  to  moderate  the  violence 
of  the  converging  electric  beam,  was  then  removed,  and  before 
long  the  thermometer  was  at  100°  C,  and  was  still  rapidly 
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rising.  The  ooat  and  plane  were  now  thick  and  exceedingly 
well-developed.  In  a  second  experiment,  and  examining 
through  a  hand  lens^  the  coat  was  visible  at  23^*7;  and  at  26^ 
it  was  £Eiirly  thick.  It  must  be  remembered  that  the  whole  of 
the  bulb  was  not  warmed  by  the  beam,  and  these  temperatare- 
readings  are  therefore  only  rough  indications. 

Probably  common  wood-charcoal  gives  the  thickest  coat  of 
any  substance  we  have  examined ;  and  although  so  bad  a  con- 
ductor of  heat,  the  coat  is  not  confined  to  the  part  of  the  solid 
immediately  exposed  to  the  beam.  The  thermometer  was 
withdrawn  from  the  experimental  box,  and  the  brass  steam- 
tube  out  of  the  water  apparatus  (fig.  10)  was  inserted  in  its 
place  ;  its  surface  was  platinized.  When  this  tube  was  heated 
by  steam,  the  coat  was  rather  thicker  than  whm  heated  only 
by  the  beam  from  the  lamp.  The  Uiickness  of  the  coat  on  the 
steam-heated  tube  difiers  little  from  its  thickness  on  the  lamp- 
black thermometer-bulb  at  100^. 

The  direct  effect  of  temperature  is  ordinarily  inseparable 
from  the  secondary  effect  of  the  convection-currents,  which 
increase  with  the  difference  of  temperature  between  the  solid 
and  the  air.  When  the  temperature  of  the  solid  is  high, 
the  coat  is  thick,  although  the  convection-currents  may 
be  very  rapid ;  for  the  cause  which  gives  rise  to  the  con- 
vection-currents also  gives  rise  to  the  black  coat :  and  it 
appears  that  the  increased  temperature  facilitates  the  formation 
of  the  dark  coat  more  than  the  increased  velocity  of  the  con- 
vection-currents thins  the  coat.  Air-currents  can  be  produced 
by  blowing  through  a  capillary  tube  on  to  the  surface  of  the 
rod  under  observation,  and  the  effect  of  such  a  current  is  to 
reduce  the  thickness  of  the  coat ;  in  fact  the  coat  may  thus 
be  rendered  so  thin  as  to  be  imperceptible.  The  rod  may 
be  replaced  by  a  metal  tube,  closed  at  one  end  and  pierced 
laterally  by  a  fine  longitudinal  slit  or  small  hole  in  the  exa- 
mined region.  An  india-rubber  tube  attached  to  the  other 
end  of  the  tube  allows  air  to  be  blown  into  the  coat  or  plane. 
In  this  way  the  dark  plane  may  be  deflected  in  any  direction, 
and  by  a  very  strong  blast  the  coat  rendered  imperceptible. 
A  body  at  the  temperature  of  the  air  is  probably  destitute  of 
a  visible  coat.  On  black  surfaces  it  is  hard  to  establish  this 
point,  as  the  light  necessary  for  their  examination  warms  them 
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80  rapidly.  The  carefal  study  of  a  glass  plate,  or  bright 
metal  surface^  however,  reveals  the  fact  that  the  coat  is  absent 
when  first  illuminated;  its  rapid  formation  may  be  seen.  The 
coat  appears  to  reach  its  maximum  thickness  very  rapidly. 
At  first  we  examined  a  body  at  the  neutral  temperature 
as  it  passed  gradually  from  a  temperature  lower  than  that  of 
the  surrounding  air  to  a  higher.  This  method  of  examination 
led  one  of  us  to  suppose,  and  to  imply  in  the  letter  to  '  Nature  ' 
(26  July,  1883,  vol.  xxviii.  p.  297),  iliat  the  coat  was  present  on 
all  bodies,  whether  warmer,  colder,  or  at  the  same  temperature 
as  the  surrounding  air.  But  this  method  of  examination  is 
unreliable,  as  may  be  seen  from  the  following. 

A  rod  of  carbon  is  cooled  to  —21°  C.  in  a  test-tube  sur- 
rounded by  ice  and  salt  The  rod  is  quickly  transferred  to 
the  glass  box  (fig.  5),  smoke  introduced,  and  the  beam,  filtered 
through  water,  turned  on.  The  temperature  being  low,  the  first 
thing  seen  is  a  bright  down-stream  of  particles.  Yery  soon 
a  dark  streak  in  the  middle  of  this  appears,  which  dark  streak 
widens  and  becomes  a  sharp  and  well-defined  down-streaming 
dark  plane,  edged  at  first  with  ihe  bright  one,  bat  later  be- 
coming free  from  it.  The  convection-currents  are  still  rapid, 
and  the  only  portion  of  a  coat  visible  b  the  thickened  base  of 
ihe  (inverted)  plane.  This  incipient  coat  is  soon  traceable 
further. 

This  incipient  coat  becomes  visible  further  round  the  rod, 
until  the  lower  half  is  provided  with  a  thin  black  coat. 
Soon  the  downward  convection-currents  cease,  the  plane  loses 
its  definiteness,  and  becomes  confused  with  its  thickening 
base  and  the  coat  itself,  until  the  ill-defined  mass  of  dust-free 
air  turns  around  the  rod  of  carbon,  thus  giving  rise  to  a 
hazy  ill-defined  adventitious  coat,  which,  if  removed,  would 
not  be  able  to  re-form  at  this  temperature.  The  currents 
then  begin  to  ascend,  and  this  adventitious  coat  gives  place 
to  the  true  coat  and  sharp  plane,  already  described  as  exist- 
ing when  carbon  is  warm.  The  appearance  presented  by  the 
cold  but  warming  rod  ^eems  capable  of  some  modification, 
in  consequence  probably  of  variations  in  the  rapidity  with 
which  the  carbon  is  heated,  and  of  its  being  an  imperfect 
conductor.  Thus  occasionally  the  dark  ill-defined  dust-free 
space  which  exists  at  the  bottom  of  the  rod,  just  as  the  process 
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of  inversion  commences,  turns  round  towards  the  lamp,  and 
may  be  succeeded  by  the  ordinary  black  coat  and  a  plane 
on  that  side,  whilst,  so  fai*  as  has  been  ascertained,  the  coat 
may  be  partially  wanting  on  the  side  remote  from  the  lamp. 
Under  these  conditions  one  half  of  the  base  of  the  plane  is 
more  or  less  absent.  This  constitutes  the  unilateral  plane 
shown  in  fig.  3. 

3.  Experiments  made  with  different  Substances* 

Various  substances  have  been  examined  in  dusty  air,  such 
as  copper,  iron,  zinc,  carbon,  glass,  mica,  selenite,  vitreous 
selenium,  Iceland  spar,  potash,  rock-salt,  bismuth^  blotting- 
paper,  black  paper,  white  paper,  chalk,  polished  silver,  Ac; 
carbon  moistened  with  various  liquids ;  water,  ice. 

It  may  be  stated,  in  a  general  way,  that  all  these 
substances,  when  examined  in  the  beam  of  the  electric 
lamp,  exhibit  a  remarkable  similarity  in  their  action  towards 
the  dust  in  the  air,  although  they  no  doubt  exhibit  dif- 
ferences in  the  thicknesses  of  the  coats.  This  is  ahnost 
certainly  exclusively  dependent  upon  the  temperature  to 
which  they  are  raised,  and  it  is  very  probable  that  a  thin 
layer  of  black  camphor-smoke  would  make  it  difficult  to 
distinguish  between  them.  Ordinary  wood-charcoal  yields  a 
coat  remarkable  for  its  thickness,  in  which  respect  it  re- 
sembles electric-light  carbon.  Black  solids  and  bad  con- 
ductors favour  the  action  by  their  high  surface-temperature. 
Bepeated  heating  to  redness  and  cooling  in  vacuo  certainly 
produces  little,  if  any,  diminution  in  the  thickness  of  the  coat 
of  electric-light  carbon. 

Porous  solids  moistened  with  more  or  less  volatile  liquids 
yield  wide  coats,  and  sometimes  downward  black  planes.  In 
the  dust-laden  atmosphere  they  have  been  observed  to  give 
rise  to  a  partial  double  coat  and  two  planes.  When  moistened 
with  two  liquids  of  different  boiling-points^  no  two  distinct 
planes  and  coats  were  obtainable,  although  the  boundaries  of 
the  observed  coat  and  plane  may  not  have  been  as  distinct  as 
in  the  case  of  a  solid  in  merely  smoke-laden  air. 

Liquid  surfaces  are  capable  of  giving  rise  to  dark  planes  of 
great  distinctness  in  the  dusty  air  above  them.  This  may  be 
well  shown  by  attaching  a  thin  horizontal  platinum  wire  to 
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the  ends  of  two-  copper  wires  passing  through  the  tnbe  of 
a  funnel^  rendered  water-tight  by  means  of  sealing-wax. 
Water  is  then  introduced  into  the  fiinnel  until  it  is  about  to 
overflow.  Above  the  surface  of  the  water  is  the  smoke- 
laden  atmosphere  of  the  box.  The  platinum  wire  just  beneath 
the  liquid  surface  is  then  warmed  by  means  of  a  feeble  current, 
and  the  light  turned  on:  a  clear  and  distinct  plane  can  then 
be  distinguished  rising  from  the  thin  line  of  warmed  liquid. 
If  the  whole  liquid  surface  be  allowed  to  get  warm  a  thick 
dark  coat  is  visible  above  it,  and  a  large  columnar  dark 
plane  rises  from  the  centre. 

Our  experience  with  mica  was  interesting.  The  first  small 
sheet  which  we  tried  was  placed  horizontally  in  the  box*  with 
magnesic-oxide  smoke.  The  light  revealed  little  growing 
bushes  or  trees  of  aggregating  magnesic-oxide  particles.  The 
mica  was  evidently  electrical.  Rubbed  sealing-wax  acted  in  a 
similar  way,  but  so  did  an  unrubbed  rhomb  of  Iceland  spar  to 
a  slight  extent  We  at  first  thought  that  the  mica  might  be 
photo-electric  like  certain  crystals  observed  by  Hankel.  All 
pieces  of  mica  do  not  behave  in  this  way.  Pressure  between 
the  finger  and  thumb,  writing  upon  the  surface  with  a  blunt 
point  of  cork,  or  with  a  pencil  on  a  piece  of  paper  laid  upon 
the  mica,  all  seem  capable  of  producing  the  deposition  of  the 
white  dust  upon  these  portions,  but  in  a  lesser  degree.  There 
would  seem  to  be  a  possible  relation  between  these  effects 
and  the  "  Hauchbilder  "  of  Moser  (Wiillner,  Pht/sik^  Bd.  i. 
S.  416,  Dritte  Auflage).  Perhaps  the  removal  of  moisture- 
condensing  nuclei  may  not  be  without  influence  upon  the 
correctness  of  his  explanation.  The  action  in  the  case  of 
mica  would  not,  however,  seem  to  be  wholly,  nor  neces- 
sarily, electrical,  as  the  following  observation  would  tend  to 
show.  A  Chladni  brass  plate  was  casually  used  by  the  assis- 
tant as  a  desk  upon  which  to  support  a  piece  of  paper  upon 
which  he  was  writing  with  a  pencil.  Upon  subsequently 
bowing  the  plate,  after  dusting  Lycopodium  upon  it,  the 
writing  became  legible  upon  the  surface  of  the  brass.  This 
action  of  mica  is  not,  so  far  as  we  have  observed,  produced 
by  simple  heating.  With  a  slab  of  tourmaline  cut  perpen- 
dicular to  the  axis  from  a  crystal  belonging  to  Prof.  N.  Story 
Maskelyne,  the  effects  of  heating,  cooling,  and  re-heating 
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this  pyroelectric  crystal  by  the  beam  of  light  were  very  dis- 
tinctly shown.  We  believe  that  some  snch  simple  and  delicate 
method  as  that  here  indicated  may  be  of  use  in  the  investi- 
gation and  demonstration  of  isuch  actions. 

4,  Experiments  made  to  ascertain  the  Effect  of  Pressure 
in  the  Smoky  Medium, 

The  apparatus  for  this  purpose  has  already  been  referred  to ; 
it  is  shown  in  fig.  9.  It  could  be  connected  with  a  water 
air-pump,  which  reduced  the  pressure  to  a  few  centimetres  of 
mercury,  or  with  a  large  iron  cylinder,  in  which  the  air  was 
condensed  by  pressure  of  the  water-main.  The  open  mercury 
manometer  indicated  a  pressure  of  4^  atmospheres  (in  excess 
of  the  atmospheric  pressure). 

Tobacco  smoke  was  introduced  by  slight  exhaustion,  and 
the  small  rod  of  electric-light  carbon,  shown  in  section  in 
fig,  9,  was  heated  by  the  electric-light  beam  being  con- 
verged upon  it.  Under  an  absolute  pressure  of  5^  atmo- 
spheres the  convection-currents  became  very  slow,  the  black 
plane  wavy  and  unsteady,  whilst  the  coat  was  so  thin  that 
only  with  the  aid  of  the  hand-lens  could  it  be  traced  with 
certainty  on  the  side  of  the  carbon  directly  exposed  to  the 
heat  of  the  lamp.  The  plane,  moreover,  was  incomplete  at 
its  base — ^unilateral,  a  further  indication  that  the  coat  was 
probably  wanting  on  the  colder  or  shadow  side  of  the  carbon- 
rod.  Under  a  pressure  of  about  6  centim.  the  coat  was 
wider  than  in  air  at  the  barometric  pressure.  The  depen- 
dence of  the  thickness  of  the  dust-free  coat  upon  pressure 
was  well  marked;  aad  already  some  preliminary  numerical 
determinations  have  been  made,  which  we  hope  will  shortly 
enable  us  to  determine  the  law  of  the  dependence  of  the 
coat  upon  pressure  with  some  degree  of  accuracy.  The 
following  figures  for  air  serve  to  show  that  the  thickness  of 
the  coat  varies  at  different  pressures.  They  were  made  with 
the  apparatus  shown  in  fig.  8. 

Preflsore  of  air,  ThicknesB  of  ooat, 

in  oentam.  of  Hg.  in  centim. 

75-9  -013 

20-8  -027 

10-9  -054 

8-9  -083 
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The  yariation  with  pressure  of  course  suggests  ideas  con- 
nected with  the  free  path  of  molecules  at  the  surface  of  the 
body  ;  but  the  thickness  of  the  coat  is  far  greater  than  that 
ordinarily  reckoned  as  the  length  of  free  path  corresponding 
to  the  pressure. 

The  effects  of  electrification  on  the  dust-free  coats  and  the 
examination  of  electrical  actions  in  dusty  air  generally  were 
preliminarily  noted  in  ^  Nature/  July  1883,  but  the  investiga- 
tion of  them  is  yet  incomplete. 

5.  Eaperimenie  with  different  kinds  of  Smoke. 

We  have  endeavoured  to  ascertain  whether  any  of  the 
phenomena  obviously  depend  on  a  drying  or  on  a  combustion 
of  the  smoke-particles.  Bearing  in  mind  the  very  wide  coat 
which  surrounds  an  incandescent  platinum  wire,  it  seemed  to 
us,  even  in  this  case,  improbable  that  dust-particles  were  often 
burnt  up  by  it,  although  we  are  well  aware  of  the  ease  with 
which  finely  divided  matter  will  oxidize.  Chiefly  with  this 
object  in  view,  we  repeated  an  experiment  adduced  by  Tyndall 
to  show  that  combustion  was  a  vera  causa  of  the  dust-free 
up-streaming  air,  but  we  used  the  incombustible  and  non- 
volatile particles  of  MgO.  For  this  purpose  we  have  em- 
ployed a  platinum  wire,  fig.  6,  enclosed  in  the  box  fig.  5,  and 
ignited  by  a  current  from  a  battery.  The  appearances  are 
unchanged,  and  the  air  of  the  box  rapidly  clears  ;  the  white 
smoke  being  deposited  upon  the  cold  sides  of  the  box.  When 
volatile  particles,  such  as  ammonic  chloride,  are  used,  a 
thicker  coat  is  observed  at  high  temperatures  than  with 
magnesic  oxide.  This  is  probably  in  consequence  of  volatili- 
zation ;  for  at  low  temperatures,  such  as  100°,  no  such  differ- 
ence is  noticeable.  When  a  rod  of  camphor  is  examined 
in  air  laden  with  magnesio-oxide  particles,  a  dust-free  coat 
and  plane  may  be  distinguished.  But  as  the  camphor  gets 
gradually  heated  it  volatilizes  and  makes  the  coat  on  the 
side  near  the  lamp  far  wider  than  elsewhere.  Hence  it  would 
appear  that  the  volatilization  of  the  camphor  keeps  back  the 
dust-particles  beyond  the  normal  distance.  The  camphor- 
particles  can  be  distinguished  amidst  the  particles  of  MgO 
on  the  boundary  of  the  coat  and  plane  near  the  light,  on 
account  of  their  crystalline  sparkling  nature. 
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What  influence  the  size  of  the  dust-particles  exerts  upon 
the  thickness  of  the  coat  has  not  yet  been  fully  made  out 
experimentally. 

6.  Experiments  on  Bodies  which  themselves  give  off  Smoke. 
We  early  noticed  that  a  distinction  had  to  be  drawn  between 
smoke  given  off  from  the  warm  body  itself  and  smoke  which 
belonged  to  the  air  external  to  the  body.  The  latter  seemed 
to  be  repelled  from  the  body;  the  former  seemed  to  come  into 
contact  with  its  surface. 

If  tobacco-smoke  is  blown  on  to  an  illuminated  strip  of 
common  window-glass,  the  smoke  nearest  to  its  surface  hovers 
tenaciously  about  long  after  the  more  distant  smoke  has  dis- 
appeared; but  a  visible  dark  coat  is  still  found  to  separate 
the  dust  from  the  surface. 

'  There  are  many  ways  of  getting  a  body  covered  by  a  layer 
of  smoke.  One  way  is  to  blow  it  on  to  its  surface  through  a 
capillary  tube  ;  another  way  is  to  pass  the  copper  rod  through 
the  axis  of  a  narrow  glass  tube  fixed  in  a  cork  at  the  end 
of  the  box,  so  that  the  rod  projects  into  the  experimental 
glass  box  (fig.  5),  and  blow  smoke  through  the  tube.  The 
smoke  rushes  along  the  surface  of  the  rod,  forming  a  sort  of 
tube,  but  is  gently  carried  away  as  the  rod  gets  wanner,  in 
the  manner  described,  showing  itself  all  the  time  as  a  white 
coat  and  plane  inside  the  dark  coat  and  plane  which  separate 
and  keep  back  the  general  dust  in  the  air  of  the  box. 

Another  way  is  to  let  smoke  ooze  through  holes  in  the  sides 
of  a  tube  upon  which  the  light  is  allowed  to  fall.  But  the 
easiest  plan  is  to  use  a  substance  which  generates  its  own 
smoke,  such  as  phosphorus.  A  common  stick  of  phosphorus 
in  ordinary  air  produces  copious  white  fumes,  which,  being 
heavy,  descend,  and  when  illuminated  a  white  coat  and  M'ell- 
marked  descending  white  plane  are  seen.  The  white  coat  is 
very  thick,  and  hence  probably  it  is  that  no  portion  of  the 
black  coat  or  plane  is  to  be  seen.  If  the  air  in  the  box  is 
gradually  dried,  however,  oxidation  of  the  phosphorus  so  far 
diminishes  as  to  enable  an  observation  to  be  made  upon  the 
phosphorus  in  the  particle-laden  air  before  it  again  begins  to 
emit  smoke.  This  reveals  the  phosphorus  surrounded  by  the 
dark  coat  and  plane.     But  as  the  temperature  rises  the  oxi- 
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dation  proceeds  more  rapid  I  j^  and  the  black  coat  and  plane 
gradually  become  more  obscure,  as  the  smoke  coming  from 
the  surface  of  the  solid  enters  them. 

7.  Experiments  on  the  Settling  of  Dust. 

Black  paper-sheets  and  metal  plates  blackened  with  cam- 
phor smoke  have  been  arranged  in  various  positions  in  a  box 
full  of  the  white  smoke  of  magnesia.  It  is  observed  that 
those  which  are  warm  receive  barely  any  deposit  of  dust,  not- 
withstanding the  large  volume  of  air  which  has  passed  near 
them.     This  is  not  due  to  the  deposit  being  blown  away. 

Of  surfaces  at  the  temperature  of  the  air  those  seem  to 
collect  most  dust  over  which  the  air  is  the  most  stagnant; 
the  dust  has  time  to  settle  on  flat  level  surfaces  by  common 
gravitation  unless  the  motion  of  the  air  over  them  is  too 
rapid.  Cold  surfaces  collect  a  large  quantity  of  smoke,  and 
become  coated  over  with  a  thick  white  deposit,  as  if  it  were 
attracted  by  the  solid.  Among  cold  surfaces  rank  all  those 
walls  of  the  box  which  are  not  directly  warmed  by  the  beam 
of  light.  If  warm  smoke  is  blown  through  a  tube  on  to  such 
a  surface  it  adheres  very  largely,  giving  a  thick  local  deposit 
opposite  the  tube. 

Impressions  showing  the  dark  plane  can  be  obtained  by 
placing  glass  plates  near  warm  solids  in  dust-laden  air;  and 
we  have  copied  such  impressions  of  the  dark  coat  and  plane 
on  to  sensitive  paper  by  ordinary  photographic  printing  *, 

8.  Experiments  in  different  Media. 

(a)  Gases. — By  far  the  larger  number  of  our  experiments 
have  been  conducted  in  common  air,  but  we  considered  it 
highly  important  to  observe  the  behaviour  of  various  dry 
gases  of  very  different  density  from  air,  and  also  to  see  whether 
any  phenomena  of  the  same  kind  could  be  detected  in  liquids. 

With  the  apparatus  shown  in  fig.  8,  and  already  described, 
we  have  ascertained  that  hydrogen  gives  a  much  thicker 
coat,  and  carbonic  anhydride  a  thinner  coat,  tiban  is  obtained 
in  air,  under  conditions  which  we  believe  to  be  fairly  com- 
parable. 

•  Mr.  John  Aitken  would  also  appear,  from  an  abstract  in  '  Nature  ' 
(3l8t  Jan.),  to  have  obtained  these  records  upon  glaas.  It  is  singular  how 
closely  many  of  his  experiments  run  with  ours. 

VOL.  VI.  C 


Digitized  by 


Google 


18 


MESSRS.  LODGE  AND  CLARK  OK  DU8TT  AIR  IN  THE 


The  figures  in  the  following  Table  will  serve  to  indicate 
ronghly  the  differences  which  have  been  observed  : — 


Temp,  of 
eoUd. 

Temp,  of  gas 
in  obeerring  veaeeL 

ThickneaB  of  coat 
in  centim. 

Hvdroireii 

o 

41 
65 
82 
63 

17 
26 
14 
20 

•033 
•013  (?) 
•020 
•Oil 

AiiiinoDi& 

Air 

Carbonic  Acid 

The  first  column  gives  the  temperature  indicated  by  the 
thermometer  upon  the  blackened  bulb  of  which  the  coats 
were  measured.  The  third  column  gives  the  measurements 
made  at  the  middle  of  the  bulb  on  the  side  near  the  light 
In  the  middle  column  the  temperature  of  the  gas  in  the  ex- 
perimental chamber,  as  indicated  by  the  second  thermometer, 
is  given. 

The  quantitative  portions  of  this  paper  are  as  yet  incom- 
plete, and  we  consider  the  above  figures  only  as  indicating  the 
differences  provisionally.  Some  gases,  moreover,  appear  to 
vary  considerably  in  their  action  towards  the  camphor-smoked 
surface;  and,  in  short,  there  are  obscure  conditions  which  affect 
quantitative  results  in  a  way  which  we  do  not  yet  fully 
understand. 

(b)  Liquids. — ^The  outline  of  the  method  employed  for  the 
study  of  the  appearances  observed  in  liquids  holding  fine 
particles  in  suspension  has  already  been  described  (fig.  10). 
The  box  is  best  filled  with  cold  water  from  which  the  air  has 
been  expelled  by  recent  boiling,  and  to  which  a  little  ferric 
oxide  has  been  added,  to  render  it  turbid.  When  the  beam 
of  the  lamp  is  now  converged  on  to  the  surface  of  the  empty 
brass  steam-tube,  there  is  usually  to  be  seen  a  slightly  dust- 
free  space  of  liquid  beneath  the  tube.  Under  the  influence  of 
the  beam  this  becomes  thinner,  and  two  dast-free  planes  rise 
from  each  side  of  the  tube,  ultimately  meeting  upon  the  top 
of  the  rod,  and  often  at  first  enclosing  particles  between  them, 
as  occasionally  observed  in  gases.  A  dust-free  black  coat 
and  plane  are  then  seen,  distinct  but  rather  thin.    This  seems 
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to  be  a  permaDent  state  so  long  as  these  conditions  are  pre- 
served nnaltered.  The  convection-currents  are  fairly  well 
developed,  and  the  velocitj-distribation  resembles  that  de- 
scribed for  a  warm  solid  in  dusty  air.  If  now  a  current  of 
steam  be  sent  through  the  brass  tube^  the  convection-currents 
become  more  rapid,  and  the  coat  so  thin  that  we  are  not  certain 
of  its  existence.  Moreover,  the  distinctly  dust-free  black 
plane  is  no  longer  quite  certainly  there,  although  a  casual 
observation  would  probably  lead  to  the  conclusion  that  it  was. 
A  long  fine  up-streaming  layer  of  liquid,  differing  from  the 
surrounding  liquid,  is  distinctly  visible,  and  a  very  similar 
result  is  obtained  from  a  platinum  wire  strongly  heated  by 
the  passage  of  an  electric  current.  There  is  no  doubt  that 
liquids  holding  small  particles  in  suspension  are  capable  of 
giving  rise  to  appearances  similar  to  those  described  in  gases, 
and  it  seems  that  in  a  liquid  an  increase  of  temperature 
occasions  a  less  rapid  increase  in  the  thickness  of  the  coat 
than  is  the  ease  with  a  gas  ;  or,  in  other  words,  the  coat  is 
thinner  at  high  temperatures  such  as  100^  C.  than  it  is  at  a 
lower  because  the  convection-currents  have  more  power  to 
destroy  it. 

Examination  of  the  Hypothetical  Explanations  already 
suggested. 

At  the  commencement  of  the  paper  are  given  all  the  pro- 
visional explanations  which  have  been  hitherto  suggested  as 
accounting  for  the  dark  plane  so  far  as  we  are  aware.  The 
existence  of  the  coat  renders  several  of  them  improbable,  but 
they  appear  capable  of  direct  disproof,  thus  : — 

Any  centrifugal-force  hypothesis  is  negatived  by  the  points 
of  inflexion  on  the  stream-lines  of  fig.  1,  and  more  conclusively 
by  fig.  2,  where  the  white  space  between  the  parallel  curved 
lines  represents  in  section  a  hemicy Under  of  sheet-copper  with 
its  black  coats.  The  convection  of  the  stream-lines  is  here 
such  as  to  whirl  the  particles  into  the  coat  rather  than  out  of 
it.  The  evaporation  and  combustion  hypotheses  are  dis- 
proved by  the  use  of  a  non-volatile  and  incombustible  smoke 
like  magnesic  oxide;  also  by  the  phenomena  being  observable 
in  liquids. 

There  remains    only   the    "  distribution "    hypothesis   of 
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Tyndall  (originally  given  Proc.  Roy.  InsL  1870,  vol.  vi,  p.  3), 
viz.  that  the  da«Jt  lags  a  little  behind  the  air  as  it  starts  off  in 
a  convection-current.  It  is  not  so  easy  to  negative  this,  and 
in  fact  in  some  form  or  other  it  is  certainly  true  that  the  dust 
does  get  filtered  out  of  the  air,  being  all  made  to  keep  out- 
side the  dark  coat,  while  some  of  the  air  passes  in.  The  only- 
question  is,  Why  does  the  dust  get  driven  out  of  the  air  in 
this  way  ?  what  is  there  near  the  surface  of  a  warm  body 
which  keeps  back  the  dnst  ?  A  mere  lagging  behind  of  the 
dust  particles  by  reason  of  their  extra  inertia  seems  to  us  a 
quite  insufficient  statement.  The  first  formation  of  a  coat  on 
ihe  surface  of  a  solid  before  the  convection-currents  have 
started,  and  the  case  of  the  interior  of  a  glass  tube,  may  be 
adduced  as  negativing  any  purely  convective  explanation: 
the  dust-free  coat  is  seen  not  only  on  the  outside  of  a  tube 
where  convection-currents  are  in  full  swing,  but  it  is  well 
marked  also  as  an  internal  lining  of  the  tube  where  the  air 
and  dust  are  both  stagnant.  The  internal  lining,  though 
thick,  is  of  irregular  thickness,  and  has  not  the  sharp  boundary 
of  the  outside  coat.  The  universal  effect  of  convection- 
currents  is  to  sharpen  the  boundary  of  the  coat,  but  to  thin 
it  down.  This  is,  indeed,  a  very  important  fact,  and  leads 
straight  to  the  conclusion  that  the  formation  of  the  dark  coat 
is  «in  operation  which  requires  time,  though  only  a  very  short 
time,  and  that  it  is  possible  to  carry  oflF  a  great  part  of  the 
coat  more  quickly  than  it  can  be  renewed. 

Suggested  Eaplanations. 

The  provisional  explanations  which  have  occurred  to  us  as 
possible  during  the  course  of  the  investigation  have  been 
very  numerous,  and  have  been  mostly  one  after  another  dis- 
carded, and  only  one  or  two  are  at  all  worthy  of  being  here 
mentioned. 

One  notion  which  occurred  pretty  early  in  the  experiment, 
if  it  had  held  its  ground,  would  have  reduced  the  whole  thing 
to  the  merest  mechanical  phenomenon,  just  as  Dr.  T}Tidall*s 
original  ingenious  explanation  (to  which,  by  the  way,  we  were 
more  than  once  tempted  to  revert)  or  Lord  Rayleigh^s  centri- 
fugal-force notion  would,  if  true,  have  deprived  the  dark 
spaces  of  most  of  their  physical  interest.     It  was  in  the  belief 
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that  something  deeper  than  common  mechanical  principle 
was  at  the  root  of  the  appearances  that  we  were  originally 
tempted  to  examine  them  so  closely ;  and  we  are  not  sorry 
that  the  barbarous  simplicity  of  the  notion  now  to  be  men-- 
tioned  has  failed  to  explain  tbem^  though  at  the  same  time 
we  still  believe  it  modifies  the  eifectS;  and  that  sometimes 
notably.  We  call  it  the  settling  hypotliesis,  and  it  may  be 
stated  thus : — 

Dust  falls  through  fluids  at  a  pace  depending  on  the  sizQ 
of  the  particle  and  the  viscosity  of  the  fluid,  but  the  relative 
settling  velocity  is  not  affected  by  the  motion  of  the  fluid, 
whether  horizontal  or  vertical.  We  may  regard  all  dust  aa 
constantly  settling  relatively  to  the  fluid  in  which  it  is. 

By  so  settling,  it  may  leave  dust-free  spaces. 

Under  a  horizontal  plate,  Uierefore,  the  dust  might  settle, 
and  leave  a  clear  dust-free  coat;  so  it  might  also  perhaps  im« 
mediately  under  tlio  middle  of  a  round  rod;  and  it  is  just 
conceivable  that  air  from  this  clear  space  might  get  partially 
carried  up  and  round  the  rod  by  convection-currents  no  faster 
than  fresh  settling  kept  on  renewing  it  below. 

It  is  undeniable  that  gravitation  must  assist  the  formation 
of  coats  on  the  under  surface  of  plates,  and  must  do  its  best 
to  spoil  any  coat  on  the  top.  The  action  of  gravitation  in 
this  M'ay  is  described  in  various  parts  of  the  paper.  It  is  im- 
possible^ however,  for  any  one  witnessing  a  really  good  dark 
coat  under  a  warm  rod,  and  seeing  the  rushing-up  of  the  dust 
against  the  dust-free  coat,  to  go  away  with  the  notion  that 
gravitative  settling  has  produced  that  sharp,  definite,  and 
tluck  coat  against  which  the  up-rushing  dust-particles  almost 
seem  to  rebound.  The  idea  is  irresistibly  suggested  of  some- 
thing keeping  them  forcibly  off. 

.  Moreover,  suppose  a  plate  to  be  originally  at  ihe  tempera- 
ture of  the  air:  it  has  no  coat.  Turn  on  a  powerful  light : 
a  coat  instantly  forms,  and  rapidly  thickens  under  the  eye 
before  any  convection  has  time  to  begin.  It  looks  just  as  if 
the  dust  were  driven  out  from  its  surface  by  some  action 
which  depends  upon  the  temperature. 

Again  and  again  have  we  been  driven  to  the  notion  of  a 
molecuktr  bombardment  carried  on  from  the  surface  of  the 
body,  by  which  the  dust-particles  are  driven  away  like  the 
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vanes  in  Mr.  Crookes's  radiometer,  or  like  drops  in  the  sphe- 
roidal condition.  But  we  were  unable  to  take  up  precisely 
this  position  because  of  the  enormous  thickness  of  the  dust- 
free  coat  as  compared  with  the  mean  free  path  of  an  air- 
molecule  at  the  ordinary  pressure. 

We  then  tried  to  develop  a  notion  of  an  extreme  free  path  : 
we  thought  whether  the  dust-particles  might  not  be  so  easily 
moved  that  the  impact  of  even  a  few  molecules  on  their  sur- 
face would  be  sufBcient  to  drive  them  back;  and  we  tried  to 
imagine  that,  though  the  groat  bulk  of  the  flying  molecules 
only  shoot  a  distance  from  the  surface  reckoned  in  hundred 
thousandths  of  a  millimetre,  yet  a  few,  say  an  odd  million  or 
so  per  second,  might  escape  collision  for  a  distance  of  even 
half  a  millimetre,  and  that  these  might  drive  back  the  dust. 
The  difficulty  here  would  be  to  see  why  the  boundary  of  dust 
and  no-dust  is  as  sharp  as  it  is,  though  we  tried  to  imagine 
that  this  was  caused  by  the  convection-currents,  a  definite 
amount  of  bombardment  being  necessary  to  drive  back  the 
dust  when  carried  towards  the  surface  at  a  given  rate,  and 
this  definite  bombardment  being  found  at  a  definite  distance 
from  the  surface.  We  were  now  fairly  landed,  by  the  obser- 
vations we  had  made,  on  some  molecular  bombardment  hypo- 
thesis or  other,  while  before  this  we  had  been  searching 
among  all  kinds  of  mechanical,  electrical,  and  other  notions 
of  a  vaguer  kind.  The  necessity  for  some  kind  of  bombard- 
ment explanation  being  thrust  upon  us,  it  was  not  long  before 
we  perceived  that  no  considerations  of  free  path  were  neces- 
sary, but  that  a  differential  bombardment  on  the  two  sides 
of  a  dust-particle  would  be  sufficient  to  drive  it  back.  In 
other  words,  a  dust-particle  would  move  from  a  region  of 
greater  pressure  to  a  region  of  less,  being  urged  by  a  force 
depending  on  the  size  of  the  particle  and  the  pressure- 
slope. 

Consider  a  warm  flat  vertical  surface  of  copper.  Adhering 
to  the  surface  is  a  layer  of  condensed  ga^jss  with  very  different 
properties  from  ordinary  air,  which  forms  part  and  parcel  of 
the  body,  and  constitutes  a  transition  between  genuine  air  on 
the  one  side  and  unmistakable  copper  on  the  other.  This  layer, 
or  "  Bunsen-schicht,"  is  warmed  directly  by  contact  with  the 
solid,  and  by  molecular  diffusion  it  warms  the  next  outer 
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lajer^  which,  sending  out  quick-flying  molecules,  warms  the 
next,  and  so  on.  Ultimately  a  stationary  state  is  reached, 
and  the  temperature  must  fall  continuously  as  we  recede  from 
the  surface,  according  to  some  exponential  law  when  convec- 
tion-currents are  permitted^  but  otherwise  linearly. 

The  air-film  next  the  solid  is  known  to  cling  tightly  to  the 
solid,  and  not  to  be  quickly  removed.  Its  adherence  need 
not,  indeed,  be  one  relating  to  individual  molecules;  it  may 
be  only  a  statistical  one,  but  its  renewal  is  known  to  be  such 
a  slow  process  that  it  is  very  unlikely  that  it  appreciably 
streams  upward  even  when  fairly  hot.  The  layer  outside  this 
streams  upward  a  little,  being  retarded  by  viscosity  or 
molecular  difi'usion  as  it  shears  itself  over  the  inside  layer. 
It  in  its  turn  retards  the  next,  and  so  on,  the  velocity  of  up- 
streaming  increasing  as  we  go  out  from  the  surface.  But 
this  increase  of  velocity  of  successive  layers  only  goes  on  to 
a  certain  limit;  it  soon  reaches  a  maximum,  because  the 
temperature  of  the  successive  layers  is  rapidly  decreasing,  and 
thus  they  have  less  tendency  to  rise  although  there  is  now 
very  little  to  prevent  them,  until  at  a  distance  from  the  solid 
the  air  is  at  rest. 

There  is,  then,  in  all  convection-currents  from  a  vertical 
surface  a  layer  whose  velocity  is  a  maximum  ;  on  either  side 
of  it  the  velocity  is  diminishing — on  the  cool  side  because  the 
temperature  gets  less  and  less;  on  the  hot  side,  in  spite  of  the 
high  temperature,  because  of  the  viscosity.  The  maximum- 
velocity  layer  marks  the  position  of  compromise  between  the 
lightening  due  to  temperature  and  the  resistance  due  to  the 
neighbourhood  of  the  solid. 

The  fact  that  the  convective  velocity  increases  and  reaches 
a  maximum  as  you  recede  from  the  solid,  combined  with  the 
fact  that  the  temperature  constantly  diminishes  as  you  go  in 
the  same  direction,  seems  to  us  to  have  an  important  bearing 
on  the  production  of  the  dust>-&ee  space  by  molecular  bom- 
bardment in  a  way  we  will  endeavour  to  explain. 

A  mere  steady  fall  or  gradient  of  temperature  as  one  recedes 
From  a  body  will  not  of  itself  produce  the  differential  bombard- 
ment necessary  to  keep  back  the  dust-particles.  For  though 
it  is  true  that  the  air  is  hotter  on  the  side  hext  the  body  than 
it  is  on  the  far  side,  this  excess  of  temperature  does  not  result 
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in  an  excess  of  presBore  but  in  a  defect  of  densiiy.  The  air 
near  a  warm  body  is  less  dense  than  the  air  outside^  bat  it  is 
not  at  a  greater  pressure ;  at  least^  if  it  is,  it  is  a  new  pheno- 
menon, and  one  not  to  be  expected  from  any  known  action  of 
a  solid  upon  gas,  except,  of  course,  within  the  extremely 
minute  range  of  the  molecular  forces  estimated  by  Quincke 
at  the  five-millionth  of  a  millimetre.  The  warm  gas  there- 
fore would  produce  no  greater  bombardment  on  the  one  side 
of  the  particles  than  the  cold  gas  produces  on  the  otlier ; 
for  though  each  molecule  hits  harder  and  hits  oftener,  there 
are  fe  tver  molecules  to  hit ;  and  the  one  effect  compensates 
the  other  as  soon  as  a  stationary  condition  as  to  distribution 
of  temperature  has  been  attained.  Not  before ;  for  so  long 
as  the  air  near  a  solid  is  getting  warmer,  there  is  a  more  rapid 
diffusion  of  molecules. outward  than  there  is  inward,  and  till 
equilibrium  is  reached  there  will  certainly  be  a  pressure  out- 
wards from  the  body  sufficient  to  drive  the  dust  back. 

If  the  air  near  a  solid  can  be  kept  stagnant  while  the  body 
is  warmed,  the  dust  in  it  ought  to  be  driven  back  at  first  by 
the  outward  heat-diffusion;  but  as  soon  as  a  stationary  tem- 
perature-condition  has  been  attained,  this  bombardment  ought 
to  cease,  and  permit  the  dust  to  slowly  settle  back  again  if 
it  likes.  This  is  much  the  case  of  the  interior  of  a  glass  tube, 
and,  we  believe,  explains  the  quick  formation  of  a  coat  when 
the  light  is  first  turned  on  to  any  surface,  and  also  the  reason 
why  such  coats  in  stagnant  air,  though  broad,  are  hazy  and 
indefinite  in  outline. 

But  suppose  the  air  near  the  body  is  rapidly  changed  (in  the 
case  of  the  tube  by  blowing  through  it,  or  by  convection-cur- 
rents in  ordinary  cases),  the  stationary  state  never  is  reached, 
the  air  outside  the  body  is  always  getting  wanned,  and  the  bom- 
bardment may  always  continue.  The  function  of  the  convec- 
tion-currents, then,  is  to  prevent  the  arrival  of  the  stationary 
state,  and  so  to  perpetuate  the  dust-repelling  bombardment,  at 
the  same  time  that  they  sweep  off  some  of  the  already  cleansed 
air  and  bring  up  dusty  air  at  such  a  rate  that  the  bombard- 
ment has  as  much  as  it  can  do  to  keep  a  layer  clear.  The 
coat  therefore  tends  to  become  thinner  when  convection- 
currents  increase  ;  and  if  currents  are  unfairly  produced  (as 
by  blowing),  the  coat  may  be  swept  away  faster  than  it  can 
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be  renewed,  and  so  wholl)'  disappear.  But  if  excess  of  tem- 
perature only  is  the  cause  of  the  currents,  then  the  same  cause 
which  strengthens  them  also  assists  the  bombardment,  and 
accordingly  the  coat  is  not  swept  off  by  such  currents,  but 
may  even  become  thicker  as  the  temperature  rises.  At  the 
same  time  it  is  not  to  be  expected  that  small  differences  of 
temperature  will  much  affect  the  coat,  because  of  the  com- 
pensation action  already  ^splained.  Moreover,  we  have  at 
present  no  theoretical  guarantee  that  a  rise  of  temperature 
need  thicken  the  coat ;  it  might  thin  it  in  some  media.  All 
we  can  say  is,  that  convection-current«  have  a  double  action, 
both  helping  the  formation,  and  causing  the  removal,  of  the 
coat. 

But  now,  how  does  the  fact  of  an  increasing  upward  velocity 
of  the  air  as  we  go  through  successive  layers  from  the  surface 
of  a  body  account  for  the  differential  bombardment  or  greater 
internal  pressure  necessary  to  account  for  the  driving  back  of 
the  dust  ?  Without  technicalities,  we  answer  this  question  as 
follows : — Consider  a  vertical  flat  plate  at  a  higlier  tempe- 
rature than  the  air.  We  grant  that  the  total  pressure  of  the 
air  is  the  same  near  a  warm  solid  as  it  is  anywhere  else ;  that 
is,  the  average  mean  square  of  molecular  velocity  is  simply 
proportional  to  the  tempei*ature  ;  but  then  the  average  mean 
square  of  velocity  can  be  resolved  into  three  components — 
normal  to  the  surface,  parallel  to  the  surface  and  horizontal, 
and  parallel  to  the  surface  and  vertical.  If  the  air  were  at 
rest,  all  three  components  would  be  equal ;  but  in  any  given 
layer  the  air  is  not  at  rest,  it  is  up-streaming :  consequently  the 
vertical  component  of  velocity  is  greater  than  the  average,  and 
so  some  other  component  must  be  less.  The  horizontal  com- 
ponent of  velocity  parallel  to  the  surface  we  naturally  assume 
to  be  simply  the  average.  The  component  normal  to  the  sur- 
face must  therefore  be  less  than  the  average.  In  other  wordg, 
though  the  total  pressure  is  the  same  in  all  directions,  its 
vertical  component  in  the  case  of  up-  or  down-streaming  air  is 
greater,  and  lience  the  normal  component  is  less;  and  the 
amount  by  which  the  normal  component  of  the  pressure  is  less 
than  the  average  at  any  given  distimce  from  the  body  depends 
upon  the  velocity  of  the  convection-current  at  that  place. 

But  the  current- velocity  increases  as  we  go  from  the  body 
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to  a  maximum^  and  then  decreases  :  consequently  the  normal 
component  of  the  pressure,  starting  from  its  average  value 
close  to  the  surface,  decreases  as  far  as  Ihe  maximum-velocity 
layer,  where  it  reaches  a  minimum,  and  then  increases.  It 
is  this  differential  normal  pressure  from  the  surface  which 
the  dust-particles  feel,  and  they  are  driven  back  towards  the 
maximum-velocity  layer.  They  may  not,  indeed,  be  driven 
quite  to  it,  because  there  must  be  a  compromise  between  the 
rate  at  which  dust  is  carried  past  the  surface  and  the  distance 
to  which  the  differential  bombardment  has  time  to  drive  them 
through  the  air. 

It  is  easy  to  see  that  any  differential  bombardment  will  be 
simply  proportional  to  the  volume  of  the  particles,  provided 
their  thickness  is  small ;  hence  the  behaviour  of  big  particles 
relatively  to  small  ones  will  be  like  their  settling  behaviour 
under  gravitation. 

Putting  the  matter  in  symbols,  let  us  call  the  plane 
of  the  solid  yz^  y  being  vertical ;  and  let  u,  v,  t/7  be 
the  three  component  velocities  along  x^  y,  z  respec- 
tively, and  T  the  absolute  temperature;  and  let= 
signify  proportion  only  when  convenient :  then 

But  at  a  distance  x  from  the  surface  let  the  convection  up- 
streaming  velocity  be  ^,  and  let  the  velocity  along  z  be  the 
average:  then 

and  f7*=t£^  +  ^'; 

so  tt'=T-^^ 

Hence  u  decreases  as  <^  increases,  and  there  is  accordingly 
a  bombardment  up  towards  the  maximum- velocity  layer  from 
either  side. 

Galling  the  three  components  of  the  pressure  />,,  p^  p^,  it 
can  be  shown  that 

p^=pu\ 
p,^pv\ 
and  Pg^p^^Py  ^^^  proper  pressure  of  the  gas. 

Hence  p^^p{T-if>^) 

=p-p4?=py^-Y)' 
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and  -J-^^  which   determines  the    intensity  of  the  differential 

molecular  bombardment  per  unit  distance  along  the  normal 
to  the  surface,  is  proportional  to  the  original  pressure  and  to 

the  rate  of  change  of  S-. 

Remember  that  ^  is  the  up-streaming  velocity,  and  T  the 
temperature,  of  the  different  layers.  In  a  region  where  ^  is 
increasing  and  T  is  decreasing,  the  differential  bombardment  is 
considerable,  and  it  acts  in  the  direction  of  increasing  ^.  In 
a  region  where  ^  and  T  are  both  increasing  or  both  decreasing 
the  bombardment  is  likely  to  be  feeble,  and  may  be  nil  if  ^ 
varies  with  the  root  of  T, 

Now  outside  a  warm  plate  we  have  near  the  surface  ^  in- 
creasing and  T  decreasing  as  you  go  outwards  :  consequently 
here  is  an  outward  bombardment.  Further  on  both  are  de- 
creasing, so  the  bombardment  is  feeble  or  m/,  and  one  cannot 
say  without  further  consideration  which  way,  if  any,  it  ought 
to  act. 

Close  to  the  surface  of  a  cold  body  proceeding  outwai-ds  ^ 
is  increasing,  but  T  is  also  increasing  :  consequently  there  is 
here  feeble  bombardment.  Further  on  ^  is  decreasing  and  T 
still  increasing  ;  consequently  here  is  a  bombardment  inward 
towards  the  body. 

Representing  these  things  diagrammatically,  the  arrow  re- 
presents the  direction  of  the  bombardment  when  it  is  decided, 
the  dotted  line  the  maximum-velocity  layers  : — 


Hot 
Surface. 


T> 


Cold 
Surface. 


4><  I   > 
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Now,  the  conductivity  of  a  gas  for  heat,  and  the  viacosity 
which  resists  its  own  motion,  are  each  of  the  nature  of  a 
diffusion  or  interchange  of  molecules  ;  and,  as  shown  in 
Maxwell's  ^Heat,' the  three  things — the  diffiisivity,the  conduc- 
tivity, and  the  effective  (or  "  kinematic ")  viscosity,  are  all 
proportional  to  one  another,  and  vary  directly  with  the  square 
of  the  absolute  temperature,  and  inversely  as  the  pressure. 

Betuming  to  the  warm  solid,  with  its  up*«treaming  air- 
currents  and  maximum-velocity  layer  towards  which  dust  is 
bombarded  from  the  surface,  it  is  evident  that  a  rise  in  the  tem- 
perature of  the  solid  would  throw  this  layer  further  out  from 
its  surface  (and  so  thicken  the  dust^froe  coat),  both  because 
the  conductivity  of  the  gas  improves,  and  because  its  viscosity 
near  the  surface  increases  with  temperature.  A  fell  of  tem- 
perature, on  the  other  hand,  would  throw  the  maximum- 
velocity  layer  inwards,  until,  when  the  solid  was  colder  than 
the  air,  the  maximum  down-streaming  layer  might  be  very 
close  to  the  surface,  because  its  viscosity  would  be  least  there, 
and  because  the  conductivity  of  the  gas  would  then  be  so  poor. 
(N.B.  We  never  assume  that  the  dusty  air  is  warmed  by 
radiation  from  the  solid,  because  the  far  more  powerful  elec- 
tric-light radiation  produces  no  particular  effect  on  the  dust 
except  in  the  neighbourhood  of  bodies.)  The  efiect  of  an 
increased  pressure  would  be  to  diminish  botli  the  conductivity 
and  the  viscosity  in  the  same  proportion ;  and  so  for  both 
reasons  it  would  throw  the  maximum-velocity  layer  inwards, 
in  fact  it  would  act  like  cold.  Rarefaction  of  the  air  would 
act  like  an  increase  of  temperature. 

Hydrogen  has  a  higher  conductivity  and  viscosity  than  air, 
consequently  its  maximum-velocity  layer  should  be  further 
from  the  snrfaoe  of  the  warm  solid  exciting  the  currents.  Car- 
bonic acid,  on  the  other  hand,  should  act  in  the  opposite 
direction. 

Very  little  is  known  about  the  properties  of  liquids,  but 
their  kinematic  viscosity  is  known  to  be  less  than  that  of 
gases,  and  it  is  supposed  to  decrease  with  a  rise  of  temperature 
(Wullner,  Bd.  I.  S.  326,  Flow  of  liquids  through  tubes  at  dif- 
ferent temperatures).  Hence  it  may  be  guessed  that  the 
maximum-velocity  layer  in  liquids  should  be  much  nearer  the 
surface  ofthe  solid  causing  the  currents  than  in  gases,  and  that 
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a  rise  of  temperature  would  bring  it  still  nearer.  On  the  other 
hand,  it  may  be  expected  that  cold  would  drive  it  further  off 
the  solid,  so  that  any  phenomena  connected  with  this  layer  in 
liquids  might  be  better  developed  in  descending  cold  currents 
than  in  ascending  warm  ones. 

In  conclusion,  the  writers  wish  to  call  attention  to  a  paper 
read  to  the  Royal  Society  of  Edinburgh,  by  Mr.  John  Aitken, 
on  the  21st  of  January  this  year,  and  of  which  an  abstract  ap- 
peared in  ^  Nature  *  of  the  31st  January  last.  Judging  from 
the  abstract,  it  would  appear  that  Mr.  Aitken,  so  well  known 
for  his  previous  researches  on  dust-particles  as  nuclei,  has 
been  travelling  over  much  of  the  same  ground  as  we  have, 
and  that  he  has  arrived  on  the  whole  at  similar  conclusions. 

Univeraity  College,  LiverpooL 


II.  On  some  Experiments  illvstrating  an  Eaplanation  of  Hall's 
Phenomenon.  By  Shelford  Bid  well,  M.A.^  LL.B* 
[Plate  IL] 
In  a  recent  communication  to  the  Royal  Society  I  attempted 
to  show  that  the  apparent  action  of  a  magnet  upon  an  elec- 
tric current  (well  known  as  HalFs  Phenomenon)  might  be 
completely  explained  by  the  operation  of  mechanical  strain 
and  certain  Peltier  effects. 

My  experimental  acquaintance  with  the  subject  began  in 
July  1883,  and  I  have  since  devoted  a  considerable  amount 
of  attention  to  it.  But  the  paper  referred  to  contained  only 
a  bald  and  simple  statement  of  the  results  at  which  I  finally 
arrived,  little  or  nothing  being  added  by  way  of  comment  or 
explanation.  To  my  mind,  saturated  as  it  was  with  the  matter, 
it  appeared  that  such  a  statement  afforded  in 'itself  over- 
whelming  evidence  in  favour  of  the  views  which  I  had  been 
led  to  adopt ;  and  I  believed  that  when  onoe  set  forth,  how- 
ever briefly,  they  could  not  fail  to  meet  with  immediate 
acceptance.  But  Hallos  own  theory  of  the  phenomenon  has 
for  some  years  been  universally  recognized  as  interpreting  a 
well-established  law  of  nature.  It  seemed  to  be  in  complete 
harmony  with  the  views  of  Clerk  Maxwell  as  to  the  existence 

•  Head  March  8, 1884. 
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of  a  rotatory  coefficient  of  resistance  :  it  has  provided  a  field 
for  investigation  to  mathematicians  of  the  highest  eminence; 
and  it  has  derived  additional  interest  and  importance  from 
the  fact  that  it  was  believed  to  point  to  an  intimate  relation 
between  electricity  and  light.  Under  the  circumstances,  it  is 
reasonable  that  such  a  theory  should  not  be  abandoned  with- 
out the  exercise  of  very  considerable  caution. 

I  propose  therefore  in  this  paper  to  treat  the  subject  in 
greater  detail  than  at  first  seemed  necessary.  Attention  will 
be  directed  to  facts  and  arguments  which  in  my  former  paper 
were  left  altogether  unnoticed  ;  and  those  points  which,  as  I 
have  gathered  from  conversation  and  correspondence,  seem  to 
present  the  greatest  difficulty,  will  be  considered  at  some 
length.  With  regard  to  the  experiments  upon  which  I  rely, 
such  of  them  as  are  new  are  of  a  very  simple  character,  and 
can  easily  be  repeated  by  any  one  possessing  a  reflecting  gal- 
vanometer. They  are  of  course  of  a  somewhat  delicate  nature, 
and  more  suitable  for  the  laboratory  than  for  public  demon- 
stration ;  but  I  shall  be  bold  enough  to  atteippt  the  perform- 
ance of  most  of  them  in  the  presence  of  the  members  of  the 
Physical  Society. 

Mr.  HalFs  first  paper  on  the  subject  appeared  in  Silliman's 
Journal  in  1879,  and  is  reproduced  in  the  ^Philosophical 
Magazine '  for  March  1880.  After  stating  that  his  object  was 
to  prove  that  die  current  of  electricity  in  a  fixed  conductor  is 
acted  upon  by  a  magnet,  he  describes  the  following  experi- 
ment : — A  strip  of  gold-leaf,  forming  part  of  a  circuit,  was 
placed  between  the  poles  of  an  electromagnet,  cutting  the  lines 
of  force  perpendicularly.  The  terminals  of  a  galvanometer 
were  applied  to  opposite  edges  of  the  gold-leaf,  and  moved 
about  until  two  equipotential  points  were  found.  The  magnet 
was  then  excited,  and  a  galvanometer-deflection  immediately 
occurred.  This  deflection  was  too  large  to  be  attributed  to 
the  direct  action  of  die  magnet  upon  the  galvanometer-needle. 
It  was  permanent,  and  so  not  due  to  induction.  It  was 
reversed  when  the  magnet  was  reversed.  "  In  short,"  says 
Mr.  Hall,  ^'the  phenomena  observed  were  just  such  as  we 
should  expect  to  see  if  the  electric  current  were  pressed,  but 
not  moved,  toward  one  side  of  the  conductor.  In  regard  to 
the  direction  of  this  pressure,  as  dependent  on  the  direction  of 
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the  current  in  the  gold-leaf  and  the  direction  of  the  lines  of 
magnetic  force,  the  following  statement  may  be  made  : — If 
we  regard  an  electric  current  as  a  single  stream  flowing  from 
the  carbon  pole  of  the  battery  through  the  circuit  to  the  zinc 
pole,  the  phenomena  indicate  that  two  currents  in  the  same 
direction  tend  to  repel  each  other.  But  if  we  regard  the  cur- 
r,ent  as  a  stream  flowing  from  negative  to  positive,  then  the 
phenomena  indicate  that  two  currents  in  the  same  direction 
attract  each  other/'  The  meaning  of  this  is,  as  appears  from 
subsequent  papers,  that  the  direction  of  the  transverse  current 
across  the  gold-leaf  is  opposite  to  that  in  which  the  gold-leaf 
itself  would  move  across  the  lines  of  force  if  it  were  free  to  do 
so.  If  the  two  points  to  which  the  galvanometer  is  connected 
are  joined  by  an  equipoteutial  line  across  the  gold-leaf,  the 
eflect  caused  by  magnetization  may  be  expressed  by  saying 
that  the  equipoteutial  line  is  rotated  in  a  direction  opposite  to 
that  of  the  current  circulating  in  tJie  coils  of  the  electromagnet. 

A  second  paper  was  published  in  the  '  Philosophical  Maga- 
zine' for  November  1880,  in  which  were  described  experiments 
made  with  other  metals  in  addition  to  gold.  With  silver, 
nickel,  tin,  and  platinum  the  direction  of  the  transverse  eflect 
was  the  same  as  with  gold,  though  it  differed  in  degree  in  the 
case  of  every  metal.  But  with  iron  the  direction  of  the  trans- 
verse current  was  found  to  be  reversed;  a  fact  which  Mr.  Hall 
was  naturally  inclined  to  attribute  to  the  magnetic  properties 
of  that  metal,  though  he  was  at  a  loss  to  account  for  the  differ- 
ence between  its  behaviour  and  that  of  nickel,  which  is  also 
strongly  magnetic.  In  iron,  therefore,  the  equipoteutial  lines 
are  rotated  in  the  same  direction  as  that  of  the  current  circu- 
lating in  the  coils  of  the  electromagnet. 

In  a  third  paper,  published  in  the  ^  Philosophical  Magazine ' 

for  September  1881,  the  author  says  that  the  direction  of  the 

transverse  electromotive  force  in  the  magnetic  metal  cobalt 

E'  . 
was  the  same  as  in  iron.     In  this  paper  it  is  stated  that  y  is 

probably  a  constant  for  any  given  metal ;  E'  being  the  trans- 
verse electromotive  force  per  centimetre  of  the  width  of  the 
strip,  and  V  the  direct  current  divided  by  the  section  of  the 

E'  . 
conductor.     This  quantity  ^  is  called,  in  accordance  with  a 
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suggestion  of  Dr.  Hopkinson,  the  "  rotational  coefficient  '*  of 
the  metal.  The  direction  of  the  transverse  effect  or  sign  of  the 
rotational  coefficient  is  in  iron  and  metals  which  behave  like 
iron  called  +,  because  its  direction  is  that  which  the  con- 
ductor itself  bearing  the  current  would  follow  if  free  to  move 
across  the  lines  of  magnetic  force.  In  gold  and  similar  metals 
the  sign  of  ihe  rotational  coefficient  is  called  — . 

A  fourth  paper  appeared  in  the  ^  Philosophical  Magazine ' 
for  May  1883,  entitled  *' Rotational  Coefficients  of  various 
Metals/'  in  which  it  is  stated  that  aluminium,  copper,  and 
brass  behave  in  the  same  manner  as  gold,  that  zinc  behaves 
like  iron,  and  that  with  lead  no  transverse  effect  whatever  is 
produced. 

Collecting  Mr.  Hall's  various  results,  we  find  that,  of  the 
thirteen  different  metals  which  he  has  tested,  three  (iron, 
cobalt,  and  zinc)  are  classed  as  positive  ;  nine  (gold,  silver, 
tin,  copper,  brass,  platinum,  nickel,  aluminium,  and  magne^ 
sium)  are  negative ;  and  one  (lead)  shows  no  signs  of 
rotation. 

I  began  a  repetition  of  Hall's  experiments  with  the  object, 
if  possible,  of  carrying  them  further,  and  especially  of  estab- 
lishing in  a  satisfactory  manner  the  existence  of  a  connexion 
between  the  phenomena  in  question  and  the  magnetic  rotation 
of  the  plane  of  polarized  light.  My  earlier  experiments  were 
made  with  iron,  of  which  I  happened  to  possess  a  suitable 
specimen  in  the  form  of  foil  '019  millim.  thick.  The  magnet 
used  consisted  of  a  bar  of  soft  iron,  38  millim.  in  diameter, 
bent  into  horseshoe  shape ;  if  pulled  out  straight  its  length 
would  be  about  50  centim.  It  was  covered  with  about  600 
turns  of  wire,  2  millim.  in  diameter;  the  pole-pieces  used  were 
30  millim.  square,  with  flat  ends,  and  were  generally  fixed 
about  6  millim.  apart.  The  magnet  was  excited  by  a  battery 
of  either  seven  Grove's  or,  more  generally,  of  five  3-quart 
bichromate  cells. 

The  arrangement  of  the  apparatus  is  shown  in  fig.  1 
(Plate  II.),  where  PP'  is  the  strip  of  metal  cemented  to  a 
plate  of  glass,  and  placed  above  one  pole,  8,  of  the  electro- 
magnet ;  M  is  a  section  of  the  yoke  of  the  electromagnet ; 
B  is  a  battery  of  one  or  two  cells,  generating  the  current 
through  the  strip ;  C  a  commutator  to  reverse  the  direction 
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of  the  current ;  B'  the  electromagnet  battery  ;  G'  a  oommo-. 
tator  to  reverse  the  magnetism  ;  W  W  wires  from  eqiiipoten- 
tial  points  in  the  metallic  strip  to  the  galvanometer  G ;  K  a 
key  in  the  galvanometer  circuit. 

The  method  of  proceeding  was  as  follows  : — A  current  was 
passed  from  B  through  the  strip  P  P',  and  sliding-contacts  on 
the  opposite  edges  were  adjusted  until,  when  the  key  K  was 
depressed,  no  deflection  of  the  galvanometer  occurred.  The 
magnet  was  then  excited  by  the  battery  B^,  and  on  again  de- 
pressing K  the  galvanometer  was  deflected.  On  reversing 
the  direction  of  the  current  either  from  B  or  B',  by  means  of 
one  of  the  commutators,  an  opposite  deflection  occurred  when 
K  was  depressed.  The  galvanometer  used  was  a  reflecting 
instrument,  of  '2  ohms  resistance;  it  was  placed  at  a  distance 
of  4  metres  from  the  scale,  upon  which  it  reflected  the  image 
of  a  very  fine  wire.  The  scale,  key^  and  commutators  were 
all  within  easy  reach  of  the  operator. 

With  this  comparatively  small  apparatus  there  was  at 
first  some  difiiculty  in  producing  a  sensible  Hall  efiect,  and 
the  greatest  care  had  to  be  exercised  to  avoid  disturbing  in- 
fluences. In  addition  to  the  possible  sources  of  error  men- 
tioned by  Mr.  Hall,  I  was  much  troubled  by  one  which  he  does 
not  seem  to  have  noticed,  and  which  may  probably  account  for 
the  uncertain  nature  of  some  of  his  results.  It  was  found 
that,  though  the  galvanometer-deflection  indicating  the  Hall 
efiect  was  invariably  reversed  when  the  direction  of  the 
magnetizing  current  was  reversed,  it  sometimes  appeared  to 
be  altogether  independent  of  the  direction  of  the  current 
passing  through  the  strip.  It  occurred  to  me  to  excite  the 
magnet  without  passing  any  current  at  all  through  the  strip  ; 
and  I  found  that  when  the  key  K  was  depressed  a  steady  de- 
flection of  the  galvanometer  occurred,  which  was  reversed  on 
reversing  the  magnetizing  current.  That  this  efiect  was  not 
due  to  the  direct  action  of  the  magnet  on  the  galvanometer- 
needle  was  proved  by  the  fact  that,  when  the  key  was  raised, 
the  deflection  immediately  ceased.  It  appeared  at  first  sight 
as  if  the  magnet  had  the  power  of  generating  a  current  in  the 
strip  of  metal.  But  this,  of  course,  was  impossible  if  the  mag- 
netic force  remained  constant.  I  concluded  therefore  that  it 
was  an  efiect  of  induction  caused  by  weakening  of  the  magnet 
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in  conseqnenoe  of  the  running-down  of  the  hattery ,  or  perhaps 
of  the  resistance  of  the  wires  being  increased  by  the  heating- 
effect  of  the  current;  but  it  was  difficult  to  see  how  this  could 
induce  a  current  in  the  strip  which  was  symmetrically  situated 
with  regard  to  the  lines  of  force.  Finally,  I  found  that  the 
effect  was  produced,  not  in  the  strip  at  dl,  but  in  the  wire 
which  passed  from  the  strip  between  the  arms  of  the  electro- 
magnet to  the  galvanometer.  When  this  wire  was  led  out  on 
one  side  of  the  yoke,  the  deflection  produced  was  opposite  to 
that  which  occurred  when  the  wire  was  led  out  on  the  other 
side ;  and  if  the  wire  was  turned  half  a  dozen  times  round  the 
magnet,  the  resultant  galvanometer-deflection  was  so  great 
that  the  spot  of  light  disappeared  from  the  scale.  This  was 
ultimately  remedied  by  forming  the  wire  in  question  into  a 
loop  embracing  the  yoke  of  the  magnet,  as  shown  at  L 1/ 
(fig.  1).  From  this  loop  an  independent  wire  W^,  attached 
to  a  sliding  binding-screw  D,  was  led  to  the  galvanometer. 
It  was  found  that  the  position  of  D  could  be  so  adjusted  that, 
K  being  steadily  depressed,  the  magnetism  of  tiie  electro- 
magnet might  be  interrupted,  or  even  reversed,  without  causing 
any  material  deflection  of  the  spot  of  light  even  at  the  instant 
of  the  change.  When  so  adjusted  it  was,  of  course,  impos- 
sible that  the  comparatively  small  changes  in  the  magnetic 
force,  caused  either  by  polarization  of  the  battery  or  by  the 
heating  of  the  wires,  could  have  any  effect  upon  the  galvano- 
meter. The  Hall  effect  now  came  out  with  great  dbtinctness, 
the  deflections  to  the  right  or  left  of  the  zero-point  of  the 
scale,  caused  by  exciting  the  magnet,  being  generally  as  much 
as  15  or  20  centim.* 

A  number  of  experiments  were  now  made  with  pieces  of 
iron  cut  into  various  shapes,  and  occasionally  with  fine  copper 
wires  arranged  in  different  forms,  and  the  conviction  gradually 
forced  itself  upon  me  that  the  effect  in  question  was  not  due 
to  any  such  action  of  the  magnet  upon  the  current  as  that 
which  Mr.  Hall  supposed. 

*  That  the  magnetizing  current  used  hy  Hall  was  not  absolutely  con- 
stant is  evidenced  by  a  statement  in  his  paper  in  the  <  Philosophical 
Jfagaxine '  for  September  1881,  that  the  readings  of  a  tangent-galvano- 
meter, placed  in  the  circuit  for  a  special  purpose,  ''slowly  decreased  with 
the  running^own  of  the  current" 
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The  possibility  of  a  thermoelectric  effect  suggested  itself  at 
an  early  stage,  the  heat  being  derived  from  the  carrent  flow- 
ing through  the  strip,  and  the  changes  in  direction  being 
possibly  produced  by  some  effect  of  magnetization  upon  the 
thermoelectric  properties  of  the  metal.  Such  effects,  I 
thought,  could  only  occur  at  the  points  where  the  wires  were 
attached  which  went  to  the  galvanometer.  Disks  of  bismuth 
and  antimony  were  therefore  inserted  at  the  contacts  of  the 
wires  and  the  strip,  and  their  relative  disposition  varied  in 
order  that  the  thermoelectric  effect,  if  any  existed,  might  be 
exaggerated.  But  it  was  found  that,  whether  the  disks  were 
of  bismuth  or  of  antimony,  or  of  the  two  metals  in  various 
combinations,  the  extent  of  the  galvanometer-deflections  was 
unaffected^  except  in  such  a  manner  as  could  be  perfectly 
accounted  for  by  ordinary  thermoelectric  action.  The  idea  of 
mechanical  strain  then  occurred  to  me ;  and  I  may  mention 
that  this  occurred  to  Mr.  Hall,  but  only  to  be  rejected  by  him 
as  utterly  inadequate  to  account  for  the  phenomenon.  I 
attadhed  a  string  by  means  of  sealing-wax  across  the  middle 
of  a  thin  sheet  of  iron,  which  was  cemented  to  glass  and  con- 
nected with  the  battery  and  the  galvanometer  as  usual.  On 
pulling  the  string  in  a  transverse  direction  I  found  unmis- 
takable indications  of  a  galvanometer-deflection  in  the  same 
direction  as  if  the  sheet  of  iron  had  been  acted  upon,  not  by  a 
mechanical  pull,  but  by  the  electromagnetic  force.  The  effect 
was  small,  but  I  have  since  greatly  increased  it  by  the  follow- 
ing device  : — ^A  strip  of  thin  iron  was  cemented  between  two 
thin  slips  of  deal  about  20  centim.  long,  forming  a  kind  of 
sandwich.  The  sandwich  was  attached  to  a  board  by  means 
of  four  screws,  the  distance  between  the  middle  screws  being 
about  7  centim.  The  two  ends  of  the  iron  were  connected  with 
a  battery,  and  the  middle  points  of  its  opposite  edges  with 
the  galvanometer.  On  pressing  with  the  finger  the  middle 
of  one  edge  of  the  sandwich  in  a  direction  perpendicular  to 
its  length  and  in  the  plane  of  the  metal,  though  no  appreciable 
distortion  was  produced,  the  galvanometer  was  immediately 
deflected,  the  direction  of  the  current  from  the  strip  to  the  gal- 
vanometer being  always  the  same  as  the  direction  of  the  force. 
A  similar  sandwich  was  prepared  in  which  platinum-foil  was 
used  instead  of  iron,  and  with  this  a  transverse  force  produced 
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opposite  deflections  to  those  which  occurred  in  the  case  of 
iron. 

There  is^  of  course,  no  doubt  whatever,  as  to  the  real  exist- 
ence of  a  mechanical  stress  in  a  conductor  through  which  a 
current  is  passing,  and  which  is  at  right  angles  to  the  lines  of 
magnetic  force.  Its  effect  may  be  rendered  evident  to  the 
^70  by  a  simple  experiment,  to  which  I  attach  no  importance 
whatever  except  as  affording  a  rather  pretty  illustration  of  a 
perTectly  well-known  law.  A  shallow  glass  cell  is  fitted  with 
iron  electrodes  at  its  two  ends,  and  is  filled  with  mercury  to  a 
depth  of  3  or  4  millim.  When  this  cell  is  placed  between  the 
poles  of  an  electromagnet  and  a  current  is  passed  through  it, 
the  mercury  along  the  transverse  middle  line  is  drawn  towards 
one  side  of  the  cell.  Here  it  is  heaped  up,  and,  yielding  to 
the  force  of  gravitation,  it  runs  along  the  two  ends  of  the  cell 
in  the  opposite  direction,  once  more  to  be  urged  forwards 
across  the  lines  of  force*  The  result  of  a  continuation  of  this 
process  is  the  formation  of  two  little  whirlpools  of  mercury 
which  rotate  in  opposite  directions  in  the  two  halves  of  the 
cell.  The  same  effect  may  be  produced,  but  with  less  violence, 
if  a  solution  of  sulphate  of  zinc  is  used  with  zinc  electrodes. 

Having  completely  satisfied  myself  that  mechanical  strain 
was  concerned  in  the  production  of  HalFs  phenomenon,  it 
remained  to  ascertain  the  nwdus  operandi.  Thermoelectric 
action  again  occurred  to  me,  and  I  remembered  that  Sir 
William  Thomson  had  discovered  that  thermoelectric  effects 
occurred  in  stretched  and  unstretched  wires  of  the  same 
material  when  brought  into  contact  with  each  other.  On 
referring  to  Thomson's  paper,  which  was  published  in  the 
^Philosophical  Transactions'  for  1856,  I  found  it  stated  that 
if  a  stretched  copper  wire  is  connected  with  an  unstretched 
copper  wire  and  the  junction  heated,  a  thermoelectric  current 
will  flow  from  the  stretched  to  the  unstretched  wire  through 
the  hot  junction  ;  while,  if  the  wires  are  of  iron,  the  direction 
of  the  current  is  from  unstretched  to  stretched.  There  could 
be  little  doubt  that  effects  of  the  same  nature  would  occur  in 
sheets  of  these  metals;  and  I  proceeded  to  consider  the  precise 
manner  in  which  a  sheet  of  metal  conveying  a  current  would 
be  strained  when  placed  between  the  poles  of  Uh  electro- 
magnet. 
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My  first  idea  was  that;  since  the  magnetic  force  was  stron- 
gest in  the  middle  of  the  field^  the  lower  half  of  the  metallic 
sheet  woald  be^  on  the  whole,  transversely  compressed  and  the 
upper  half  extended.  But  I  immediately  saw  that  strains  of 
this  nature  would  not  explain  HalFs  phenomenon^  unless 
indeed  it  turned  out  to  be  the  case  that  lateral  compression 
and  extension  produced  opposite  thermoelectric  effects  to  those 
caused  by  longitudinal  compression  and  extension.  The  effect 
of  lateral  compression  in  an  iron  wire  was  noticed  by  Thomson 
in  the  paper  referred  to.  He  states  that  when  an  iron  wire  is 
laterally  compressed,  a  current  passes  from  uncompressed  to 
compressed  through  the  hot  j  auction.  He  supposes  therefore 
that  since  a  lateral  traction  would  probably  produce  the  reverse 
effect  of  a  lateral  pressure,  it  would  give  rise  to  currents  from 
stretched  to  free — ^the  reverse  of  longitudinal  traction.  In 
making  this  experiment,  Thomson  used  many  turns  of  wire 
wound  round  a  block  of  wood  (to  multiply  the  effect)  and 
squeezed  the  whole  in  a  hydraulic  press.  I  attempted  to  repeat 
the  experiment  by  a  simple  method  and  using  only  one  wire; 
but  no  amount  of  pressure  that  I  was  able  to  produce  resulted 
in  any  indication  whatever  of  a  current.  I  have  since  endea^ 
voured  to  ascertain  whether  any  appreciable  current  could  be 
produced  in  a  sheet  of  metal  by  lateral  traction.  The  arrange- 
ment used  is  shown  in  PL  II.  fig.  2 : — ^A  B  is  a  sheet  of  metallic 
foil;  the  shaded  part  D  E  was  held  between  two  fixed  blocks 
of  wood,  and  the  shaded  part  0  F  between  two  blocks  of 
wood  which  were  attached  to  a  lever.  A  heated  glass  rod  was 
applied  along  C  D,  and  on  drawing  the  lever  upwards  in  the 
direction  of  the  arrow,  a  current  immediately  passed  between 
the  unstrained  and  the  strained  portions  of  the  metal  through 
the  hot  junction.  Two  metals  only  have  been  thus  treated— 
zinc  and  iron  ;  and  the  direction  of  the  current  was  in  both 
cases  the  same  as  if  the  traction  had  been  longitudinal  instead 
of  lateral.  In  zinc  the  effect  was  very  strong,  in  iron  it  was 
feeble,  but  not,  I  think^  so  feeble  as  to  be  doubtful. 

On  further  consideration  I  came  to  the  conclusion  that  no 
appreciable  strains  of  the  kind  above  referred  to  would  be 
produced  by  the  transverse  force  in  the  magnetic  field.  This 
force  would  be  sensibly  uniform  across  the  whole  of  the 
middle  portion  of  the  strip,  for  the  pole-pieces  were  flat  and 
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within  a  very  short  distance  of  each  other,  and  the  strip  did 
not  extend  across  their  whole  width.  Considering  the  analogy 
of  a  beam  of  wood^  rigidly  fixed  at  both  ends,  and  acted  upon 
in  the  middle  by  a  force  perpendicular  to  its  lengthy  I  imagined 
that  the  transverse  force  would  tend  to  make  the  metallic  strip 
assume  a  distorted  form  of  the  same  character  as  that  indicated 
in  fig.  3.  As  thus  distorted,  the  strip  may  be  mapped  out 
into  six  districts,  in  three  of  which  the  metal  is,  on  the  whole, 
subjected  to  longitudinal  traction,  while  in  the  other  three  it 
undergoes  compression.  This,  of  course,  supposes  that  the 
metal,  though  cemented  to  glass,  is  capable  of  yielding  to 
some  extent  to  the  force  acting  upon  it.  And  since  neither 
the  metal  itself,  nor  the  glass,  nor  the  cement  which  connects 
them,  is  absolutely  rigid,  this  must  necessarily  be  the  case, 
though  probably  in  a  very  small  degree.  The  ends  C,  D  of 
the  strip,  which  are  in  a  weaker  part  of  the  magnetic  field,  or 
even  removed  from  its  influence  altogether,  will  not  be  acted 
upon  in  the  same  manner ;  and  if  the  strip  is  sufficiently  long 
they  will  remain  absolutely  at  right  angles  to  the  middle  line, 
as  shown  in  the  figure.  Two  points  of  contrary  flexure  will 
therefore  exist  on  each  of  the  edges;  and  the  necessary  conse^ 
quence  of  this  will  be  alternate  regions  of  compression  and 
extension,  as  indicated  in  the  figure.  It  seems  to  me  that, 
however  thin  the  metal  may  be,  so  long  as  it  is  not  altogeUier 
without  cohesion  and  elasticity,  the  action  of  a  transverse 
force  across  the  middle  will  afiect  it  in  some  such  manner  as 
that  pointed  out,  to  some  degree  which  may  be  very  small. 

I  have  prepared  a  rough  model  to  illustrate  my  idea  of  the 
nature  of  the  distortion  which  the  plate  undergoes.  A  num- 
ber of  narrow  strips  of  deal  are  attached  at  short  intervals  to 
a  rectangular  sheet  of  indiarubber:  they  are  equal  in  length, 
and  parallel  to  the  shorter  sides  of  the  rectangle.  The  two 
strips  at  the  ends  of  the  sheet  are  nailed  firmly  to  a  board; 
otherwise  the  indiarubber  is  free.  If  the  middle  strip  of 
wood  is  drawn  or  pressed  in  a  direction  transverse  to  the  rect- 
angle, the  indiarubber  is  distorted  and  assumes  the  form  of 
fig.  3 ;  and  the  regions  which  are  there  marked  as  stretched 
and  compressed  appear  very  clearly,  the  strips  being  drawn 
apart  in  the  former,  and  crowded  together  in  the  latter.  The 
same  kind  of  distortion  would  be  produced,  though  to  a 
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smaller  extent^  if  the  ends^  instead  of  being  rigidly  fixed^  were 
able  to  yield^  more  or  less,  to  pressure  or  tension.  Bat  nnless 
they  were  each  attached  to  a  single  point,  and  were  otherwise 
perfectly  free  (in  which  case  the  sheet  would  be  longitudinally 
divided  into  two  equal  regions  of  compression  and  extension), 
some  such  distribution  of  strain  as  that  indicated  in  fig.  3 
must  necessarily  occur*. 

Suppose  now  that  a  current  is  passing  through  the  plate 
from  C  to  D,  and  that  A  and  B  are  two  points  on  the  opposite 
edges,  which,  when  the  metal  is  unstrained,  are  at  the  same 
potential.  Then  the  ratio  of  the  resistances  between  the  points 
C  and  A,  and  the  points  A  and  D,  is  equal  to  that  between 
the  points  C,  B  and  the  points  B,  D.  And  so  far  as  me» 
chanical  strain  alone  is  concerned,  this  equality  will  not  be 
disturbed  by  placing  the  plate  in  a  magnetic  field,  the  strain 
produced  being  symmetrically  distributed  on  both  sides  of  the 
middle  line.  At  all  events,  no  strain  could  occur  which  would 
in  itself  a£Fect  the  resistance  of  gold  and  iron  in  opposite 
ways,  for  the  resistance  of  both  is  increased  by  extension,  and 
(presumably)  diminished  by  compression.  But  the  currents 
from  G  to  A  and  from  B  to  D  pass  from  regions  which  are 
compressed  to  regions  which  are  stretched,  while  the  opposite 
is  the  case  with  currents  passing  from  C  to  B  and  from  A  to  D. 
And  here  the  thermoelectric  effects  come  into  play. 

It  has  already  been  mentioned  that  a  thermoelectric  cur- 
rent will  pass  from  a  stretched  copper  wire  to  an  unstretched 
copper  wire  in  contact  with  it,  if  the  junction  is  heated. 
From  this  it  might  be  inferred,  that  a  current  would  flow 
through  the  heated  junction  from  an  unstretched  or  free 
copper  wire  to  a  longitndinally  compressed  copper  wire.  And 
I  have  proved  by  actual  experiment  that  tiiis  is  the  case. 
A/ortiarif  therefore,  a  current  would  pass  through  the  heated 
junction  from  a  stretched  copper  wire  to  a  compressed  copper 
wire.  For  similar  reasons  the  current  would,  if  the  wires  were 
of  iron,  flow  in  the  opposite  direction,  from  the  compressed 
wire  to  the  stretched  wire,  across  the  hot  junction.    And  the 

•  It  ahould  be  remarked  that  no  aocount  wliatever  is  taken  in  the 
model  of  lateral  compraKion  and  extension,  which,  as  abeady  stated,  are 
probably  very  small  in  the  case  of  the  metallic  sheets  used  in  HaU*8 
experiments. 
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same  effects,  so  far  as  regards  carrents  between  stretched 
and  nnstretched  portions,  occur,  as  I  have  proved  experi- 
mentally, if  strips  of  foil  are  used  instead  of  wires.  If,  there- 
fore, a  battery-current  is  passed  from  a  stretched  portion  of  a 
wire  or  foil  to  a  compressed  portion,  heat  will  (according  to 
the  laws  of  the  Peltier  effect)  be  absorbed  at  the  junction  if 
the  metal  is  copper,  and  will  be  developed  at  the  junction  if 
the  metal  is  iron.  In  passing  from  compressed  to  stretd^d 
regions,  the  converse  effects  will  occur. 

Let  us  now  imagine  the  metal  plate  to  be  divided  into  four 
equal  regions  A,  B,  C,  D,  as  shown  in  fig.  4.  Let  a  current 
pass  through  the  plate  from  E  to  F,  and  let  a  force  (produced 
electromagnetically  or  othenvise)  be  applied  in  the  direction 
H  G.  First,  suppose  that  the  plate  is  of  copper,  then  the 
current  travelling  from  E  to  the  line  0  G  passes  from  a  com- 
pressed to  a  stretched  portion  of  the  metal ;  heat  will  there- 
fore be  developed  in  the  region  A.  Between  the  line  O  Q 
and  the  point  F,  the  current  passes  from  a  stretched  to  a 
compressed  portion ;  heat  will  therefore  be  absorbed  in  the 
region  B,  For  like  reasons,  heat  will  be  absorbed  in  C  and 
developed  in  D.  The  temperature  of  the  copper  plate  will 
therefore  not  be  uniform,  the  portions  A  and  D  being  on 
the  whole  hotter  than  the  portions  B  and  C.  But  the  resist- 
ance of  a  metal  increases  with  its  temperature.  The  resistance 
of  A  and  D  will  therefore  be  greater,  and  the  resistance  of  B 
and  C  smaller,  than  before  the  plate  was  strained.  If  there- 
fore G  H  wore  originally  an  equipotential  line,  it  is  dear  that 
it  will  be  so  no  longer.  An  equipotential  line  through  the 
point  0  will  now  be  inclined  to  G  H  in  the  direction  K  L,  as 
shown  in  the  figure. 

Supposing  the  plate  to  be  of  iron  instead  of  copper,  the 
Peltier  effects  will  be  reversed,  and  the  regions  which  in  the 
former  case  were  hot  will  now  be  cold,  and  vice  versd.  The 
distribution  of  resistance  will  be  changed  in  a  corresponding 
manner,  and  the  equipotential  line  will  be  rotated  in  the 
opposite  direction. 

The  peculiar  thermoelectric  properties  of  copper  and  iron, 
discovered  by  Sir  William  Thomson,  are  thus  seen  to  be 
sufficient  to  account  for  Hall's  phenomenon  in  the  case  of 
those  metals.     If  the  explanation  which  I  have  offered  be  the 
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correct  one^  it  is  clear  that  Hall's  ^^  positive  "  metals,  cobalt 
and  zinc,  should,  when  tested  by  Thomson's  method,  exhibit 
the  same  thermoelectric  effects  as  iron ;  that  his  ^^  negative  " 
metals  should  behave  thermoelectricallj  in  the  same  manner 
as  copper;  and  that  lead  might  be  expected  to  be  thermo- 
electrically  unaffected  by  strain.  It  became  exceedingly 
interesting  to  ascertain  if  this  was  the  case,  and  I  therefore 
proceeded  to  repeat  Thomson's  experiment  upon  all  the  metals 
mentioned  by  Hall.  In  most  cases  at  least  two  or  three  diffe- 
rent specimens  of  the  metal  were  used,  and,  except  in  the  case 
of  cobalt,  the  following  simple  method  of  operating  was 
adopted. 

A  short  piece  of  the  wire  or  strip  of  the  foil  to  be  examined 
was  held  at  the  ends  by  two  fixed  brass  clamps,  about  5  or  6 
centim.  apart,  which  were  connected  with  the  terminals  of  a 
low  resistance  reflecting-galvanometer.  A  point  near  the 
middle  of  the  metal  was  then  gripped  by  a  pair  of  pliers 
which  had  been  previously  heated,  and  one  half  of  the  wire 
was  drawn  taut,  leaving  the  other  half  slack.  A  galvano- 
meter-deflection immediately  occurred,  which  ceased  when  the 
tension  was  discontinued.  The  process  was  then  repeated, 
the  pull  being  made  in  the  opposite  direction :  this  resulted 
in  an  opposite  deflection  of  the  galvanometer. 

Upon  first  gripping  the  metals,  especially  the  harder  ones, 
it  frequently  happens  that  before  beginning  to  pull  a  thermo- 
electric current  is  set  up  between  different  parts  owing 
to  local  differences  in  physical  condition,  and  these  thermo- 
currents  are  sometimes  so  strong  as  to  completely  mask  the 
effect  produced  by  stretching.  Their  effect  may  be  practically 
eliminated  by  giving  a  series  of  short  pulls  at  regular  inter- 
vals, corresponding  with  the  periodic  swing  of  the  galvano- 
meter. The  results  can  thus  be  observed  with  perfect  accu- 
racy, but  the  method  is  not  well  suited  for  use  before  an 
audience  on  account  of  the  diflBculty  of  rendering  evident  the 
correspondence  between  the  pulls  and  the  consequent  galva- 
nometer-deflections. The  hand  and  eye  should,  in  fact,  work 
together*. 

*  The  experiment  was,  however,  successfully  exhibited  at  the  meeting. 
All  Hall's  metals  were  used  except  cobalt,  which  could  not  be  obtained 
in  the  form  of  wire,  and  the  only  doubtful  case  was  that  of  tin,  the  wire 
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The  directions  of  the  cnrrents  through  the  hot  janctions 
are  given  in  the  following  table^  which  is  taken  from  mj 
former  paper,  with  the  addition  of  the  results  for  wires  of  tin 
and  lead: — 

S = Stretched,     U = Unstretched. 


Metals. 

Forms  used. 

Direction 
of  evmentt. 

Hall's 
effect 

Conner  

Wire  and  foil;  pure 

8  toU 
Uto  8 
8toU 
Uto  8 
8  toU 
8  toU 
8  toU 
Uto  8 
8  toU 
8  toU 
8  toU 
Uto  8 
Uto  8 
8  toU 
8  toU 
No  current 

4- 
+ 

+ 

Xtoh 

Wire  and  sheet ;  annealed 

Brass 

Wire,  commercial 

2ino  

Wire  and  foil    

Nickel    .     .. 

Wire 

Plarinum  

add 

SiWer     

Wire  and  foil   

FoiL  nuritv  99*9  Dfir  cent 

Wire, ixnHTnerciauy  pure 

Jewellers'  18  ct.  wire  and  sheet ... 
Jewellers'  15  ct  sheet 

Wire  and  foil   

Aluminium   ... 
Cobalt       .    . 

Wire  and  fail.  "Dure  

TLwi  •  ft  mm.  diameter. 

Kaffnedum   ... 
TmT 

Ribbon  

Foil  and  wire   ......r. -..--..-. .- 

Jfi^  , 

Foil  fassay)  and  wire 

It  will  be  seen  that^  in  every  case  excepting  that  of  alumi- 
nium and  one  out  of  five  specimens  of  gold,  there  is  perfect 
correspondence  between  the  direction  of  the  thermoelectric 
current  and  the  sign  of  HalPs  effect.  With  regard  to  the 
aluminium^  a  piece  of  the  foil  was  mounted  upon  glass^  and 
Hall's  experiment  performed  with  it.  As  was  anticipated,  the 
sign  of  the  "  rotational  coefficient "  was  found  to  be  +  like 
that  of  iron,  zinc,  and  cobalt.  It  is  probable,  therefore,  that 
the  specimen  of  aluminium  with  which  Mr.  Hall  worked 
differed  in  some  respect  from  that  used  bj  myself.  The 
anomalous  specimen  of  gold  being  in  the  form  of  wire,  could 
not  be  submitted  to  the  same  test :  it  probably  contains  some 
disturbing  impurity. 

With  regard  to  cobalt,  since  it  could  not  be  obtained  in  the 

being  ruptured  before  any  marked  deflection  was  produced.  It  ehould  be 
noticed  tiiat  the  temperature  of  the  hot  junction  should  not  exceed  about 
100°  C,  otherwise*  at  least  in  the  case  of  iron  and  nickel,  different 
results  may  be  obtained. 
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foim  either  of  wire  or  of  sheet,  it  was  necessary  for  the  obser- 
vatioQ  of  the  thermoelectric  effect  to  treat  it  in  a  somewhat 
different  manner  from  that  previously  described.  A  rod  of 
the  metal  was  held  firmly  by  one  end  in  a  vice,  and  both  ends 
were  connected  by  wires  with  the  terminals  of  the  galvano- 
meter. The  middle  of  the  rod  was  gripped  with  gas-tongs 
which  had  been  made  hot  in  a  Bunsen  flame,  and  stress  was 
produced  by  twisting.  It  was  found  that,  while  the  stress 
continued,  a  current  passed  from  the  strained  to  the  free 
portion  of  the  rod  through  the  hot  part.  The  direction  of  the 
current  was  the  same  whether  the  twist  was  clockwise  or 
counterclockwise,  and  it  ceased  the  moment  the  stress  was 
discontinued.  For  the  sake  of  comparison,  a  copper  rod  was 
treated  in  a  similar  manner,  and  the  resulting  current  was  in 
the  reverse  direction.  For  the  purpose  of  this  experiment, 
torsion  is  clearly  equivalent  to  traction,  both  tending  to  draw 
asunder  the  molecules  of  the  metal* 

Some  months  ago,  when  experimenting  with  pieces  of  iron 
>cut  into  different  shapes,  I  tried  the  effect  of  making  a  longi- 
tudinal slit  along  the  middle  of  the  plate.  The  result  was, 
that  the  Hall  effect  was  considerably  weakened  even  though 
a  stronger  current  was  used  than  before  the  slit  was  cut.  In 
the  light  of  subsequently  acquired  knowledge,  I  have  varied 
the  experiment  thus  : — ^A  plate  of  iron  was  prepared  as  usual, 
but  the  galvanometer-wires,  instead  of  being  attached  in  the 
ordinary  manner,  were  connected  to  points  nearer  to  the 
middle  of  the  plate  than  to  the  edges.  When  the  magnet  was 
excited,  the  ordinary  Hall  effect  was  found  to  occur,  but  it 
was  somewhat  weakened.  Two  longitudinal  slits  were  then 
cut  along  the  middle  of  the  plate,  a  connecting  piece  about 
4  millim.  wide  being  left  at  the  centre.  A  current  from  two 
bichromate  cells  was  passed  through  the  plate,  and  the  posi- 
tions of  the  galvanometer  connexions  were  carefully  adjusted, 
until,  on  depressing  the  key  K  (see  fig.  5),  not  the  smallest 
movement  of  the  spot  of  light  occurred.  The  electromagnet 
was  then  excited,  the  key  was  depressed,  and  the  spot  of  light 
was  deflected.  The  magnet-current  was  reversed,  the  key 
was  again  depressed,  and  there  was  again  a  deflection  of  the 
spot  of  light.  And  the  directions  of  the  deflections  were  in 
both  cases  opposite  to  those  which  occurred  before  the  slits 
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were  cut  in  the  p]ate.  The  amonnt  of  deflection  thus  pro- 
duced was  about  35  scale-divisions  *. 

Now  it  is  quite  clear  that^  if  Hall's  effect  were  due  to  the 
direct  action  of  the  magnet  upon  the  current,  it  ought  to 
occur  in  each  of  the  two  halves  of  the  divided  plate.  The 
transverse  current  in  the  lower  half  would  (supposing  its. 
direction  to  be  upwards  in  the  figure)  pass  from  the  point 
B  to  the  metallic  bridge  at  the  centre,  and  the  transverse 
current  in  the  upper  half  would  pass  from  the  centre  to  the 
point  A.  Upon  no  conceivable  hypothesis  could  the  mere 
division  of  the  plate  have  the  effect  of  actually  reversing  any 
direct  action  which  the  magnet  might  exert  upon  the  current. 

The  strain  theory,  however,  explains  the  matter  perfectly. 
Supposing  a  south  pole  to  be  beneath  the  plate,  and  the  cur- 
rent through  it  to  be  flowing  from  left  to  right,  then,  before 
the  cuts  were  made,  the  point  A  would  be  in  a  stretched  dis- 
trict, and  the  point  B  in  a  compressed  district  (see  fig.  3) ; 
and  the  resulting  Peltier  effects  would  cause  the  transverse 
current  to  flow  in  the  direction  A  G  B,  fig.  5.  But  in  con- 
sequence of  the  longitudinal  cuts,  the  distribution  of  stress  is 
altered.  Instead  of  the  whole  plate,  each  half  of  it  may  now 
be  mapped  out  into  six  areas  which  are  differently  strained, 
and  the  point  A  will  now  be  in  a  compressed  district,  and  B 
in  a  stretched  district.  The  Peltier  effects  will  therefore  be 
reversed,  and  the  transverse  current  will  flow  in  the  direction 
B  G  A.  The  existence  of  the  central  bridge  does  not  prevent 
the  new  strain,  because  there  is  no  shearing  at  points  midway 

*  The  experiment  as  described  is  an  exceedingly  troublesome  one,  and 
no  attempt  was  made  to  exhibit  it  at  the  meeting.  The  difficulty  arises 
from  the  fact  that,  in  order  to  show  the  effect  with  certainty,  a  veiy 
perfect  balance  must  be  obtained,  and  this  alone  generally  occupies  a 
great  deal  of  time.  But  even  when  two  exactly  equipotential  points 
have  been  found,  it  often  happens  that  the  mere  reversal  of  the  polarity 
of  the  magnet  disturbs  the  adjustment  of  the  galvanometer-contacts  to 
Buch  an  extent  that  the  effect  cannot  be  observed:  more  time  must 
therefore  be  consumed  in  readjusting  the  contacts  before  a  successful 
experiment  can  be  made.  Believing  this  inconvenience  to  be  due  to 
small  displacements  resulting  from  the  attractive  action  of  the  magnet 
upon  the  iron,  I  have  since  tried  the  experiment  with  gold-foil.  This 
turns  out  to  be  a  much  more  suitable  metal  for  the  purpose,  rendering  it 
possible  to  observe  the  effect  with  ease  and  certainty. 
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between  the  ends  of  the  plate ;  and  as  regards  transverse  dis- 
tortion^  the  central  bridge  merely  forms  a  link  between  the 
upper  and  lower  portions  of  the  plate,  which  link  shares  their 
movement  in  the  upward  direction  without  impeding  it.  Thus 
the  reversal  of  the  Hall  effect  is  easily  and  completely  accounted 
for. 

The  ^  Philosophical  Magazine  ^  for  last  January  contains  a 
translation  of  a  paper  by  Prof.  Bighi,  on  Hall's  Phenomenon. 
He  uses  three  electrodes  instead  of  four.  The  current  enters 
or  leases  by  one,  and  leaves  or  enters  by  the  other  two.  The 
two  partial  currents  pass  through  a  "  Wiedemann's  "  (pre* 
sumably  a  differential)  galvanometer,  and  zero  is  obtained  by 
the  use  of  resistance-coils.  On  exciting  the  electromagnet  a 
galvanometer-deflection  occurs,  indicating  a  current  in  the 
opposite  direction  to  that  named  by  Hall. 

This  also  can  be  explained  by  strain  and  Peltier  action. 
Let  us  suppose,  as  before,  that  the  plate  is  of  iron,  and  that 
the  south  pole  is  beneath  it.  Let  a  current  enter  the  plate  at 
A,  fig.  6,  and  leave  it  at  the  two  points  D  and  E  by  the  wires 
leading  to  the  difierential  galvanometer  G.  llie  plate  is 
divided  into  six  strained  regions  exactly  as  in  Hall's  arrange- 
ment, those  which  are  compressed  being  marked  0,  and  those 
which  are  stretched  S.  But  the  neighbourhood  of  the  upper 
electrode  D  will,  in  this  case,  be  heated^  because  the  current 
is  passing  from  stretched  to  compressed  :  the  resistance  of  the 
region  will  therefore  be  increased.  Similarly  the  resistance 
of  the  metal  in  the  neighbourhood  of  the  lower  electrode  F 
will  be  diminished.  Thus  a  greater  quantity  of  electricity 
will  pass  by  E  than  by  D,  and  the  galvanometer-deflection 
will  be  in  the  opposite  direction  to  that  which  would  have 
occurred  if  the  connexions  had  been  made  in  the  middle  of 
the  plate,  in  the  usual  manner.  Bighi's  experiment  therefore 
confirms  my  explanation  of  the  Hall  effect. 

The  theory  which  I  have  ventured  to  submit  seems  to  me 
capable  of  bearing  any  test  which  could  reasonably  be  applied 
to  it.  Not  only  does  it  completely  account  for  the  phenomena 
described  by  Hall,  but  it  explains  anomalies  and  enables  one 
to  predict  results.  The  chief  point  of  difficulty  lies  in  the 
strain*  In  conversation  on  the  subject,  I  have  found  that, 
while  it  is  readily  admitied  thai  a  strain  such  as  is  described 
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might  well  be  prodnced  in  a  piece  of  metal  a  millimetre  in 
thickness,  it  is  by  no  means  so  easy  to  conceive  the  possibility 
of  a  similar  strain  in  a  sheet  the  thickness  of  which  does  not 
exceed  a  hundredth  or  a  thousandth  of  a  millimetre.  But  let 
it  be  imagined  that  the  thick  piece  of  metal  is  divided  into  a 
hundred  or  a  thousand  independent  layers,  each  of  which  is 
acted  upon  by  a  force  equal  to  a  hundredth  or  a  thousandth 
part  of  that  which  acted  upon  the  whole.  Then  it  becomes 
evident  that  each  individual  stratum,  including  the  bottom 
<me,  will  be  aflfected  in  precisely  the  same  manner  as  the  sum 
of  them  which  constitutes  the  thick  plate.  Of  course,  if  the 
film  of  metal  is  so  exceedingly  thin  that  its  physical  properties 
of  cohesion  and  elasticity  are  impaired,  we  should  expect 
the  effects  of  extension  and  compression  to  be  diminished. 
This  is,  in  &ct,  the  case  with  thin  gold-leaf,  not  so  much  on 
account  of  its  mere  thinness  as  of  the  inequalities  and  irregu- 
larities necessarily  existing  in  it;  and  accordingly  we  find  it 
noted  by  Mr.  Hall  (Phil.  Mag.  November  1880,  p.  312)  that 
the  transverse  effect  in  gold-leaf  appears  to  be  relatively  much 
smaller  than  the  effect  in  strips  of  sensible  thickness*.  Cceteris 
paribus,  the  galvanometer-deflection  is,  of  course,  greater  with 
a  thin  sheet  than  with  a  thick  one,  because  the  difference  of 
potential  at  any  two  points  in  a  thick  sheet  must  always  be 
comparatively  small. 

If  it  is  objected  that,  since  the  plate  is  firmly  cemented  to 
glass,  the  distortion  actually  produced  must  be  very  small,  it 
may  be  replied  that  the  consequent  effect  is  also  very  small, 
and  that  a  distortion  &r  too  insignificant  to  be  visible  to  the 
eye  would  be  suflicient  to  produce  it.  The  warmth  commu- 
nicated to  the  plate  by  lightly  touching  opposite  comers  of  it 
with  the  fingers  is  capable  of  causing  galvanometer-deflec- 
tions many  times  as  great  as  those  produced  by  Peltier  effects 
requiring  three  or  four  amperes  of  current  for  their  pro- 
duction. 

Lastly,  it  may  be  urged  that  the  force  available  for  pro- 
ducing the  required  strain  is  a  very  small  one.      This  is 

*  Mr.  Hall  thinks  that  the  apparent  difference  may  be  accounted  for 
by  the  existence  of  a  multitude  of  small  holes  in  the  thin  leaf,  by  impu- 
rities in  the  gold,  and  by  the  difficulty  of  securing  good  contact  with  tlM 
electrodes. 
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undoabtedly  true.  But;  apart  from  the  fact  that  a  very  small 
force  would  be  sufficient  to  cause  a  sensible  strain  in  a  very 
thin  sheet  of  metal,  it  must  be  remembered  that  the  force 
with  which  we  are  dealing  acts  in  an  exceedingly  advan- 
tageous manner.  It  does  not,  like  an  external  push  or  pull| 
act  upon  a  single  point  or  group  of  points  in  the  sheet,  but  it 
exerts  a  perfectly  independent  action  upon  every  individual 
molecule  of  the  metal  which  is  within  the  magnetic  field, 
most  powerfully  in  the  middle,  gradually  falling  off  towards 
the  ends.  It  acts,  in  short,  in  the  most  effective  manner 
possible  for  the  production  of  the  strain. 

Though  it  may  not  impossibly  turn  out,  on  further  investi- 
gation, that  the  details  of  the  action  differ  in  some  respects 
from  those  which  I  have  suggested,  I  think  no  reasonable 
doubt  can  remain  that  Hall's  phenomenon  is  simply  a  con- 
sequence of  mechanical  action  combined  with  Peltier  effects. 
And  if  it  should  be  thought  that  I  have,  in  this  paper, 
brought  forward  a  superfluity  of  argument  in  support  of  a 
proposition  which,  when  once  stated,  appears  almost  self- 
evident,  I  can  only  say  that,  under  the  circumstances,  and 
having  regard  to  the  great  importance  of  the  subject,  it 
seemed  desirable  that  it  should  receive  the  most  thorough  and 
exhaustive  treatment  possible. 


m.  On  the  Adjustment  of  Renstance -Coils.     By  Professor 
SiLVANus  P.  Thompson,  B.A..  I).Se.y  Univ.  Coll.  Bristol*. 

1.  Although  the  existing  methods  for  the  exact  measure- 
ment of  the  electric  resistance  of  a  wire  are  simple,  rapid, 
and  reliable  to  a  very  high  degree,  there  is  not,  so  far  as 
I  am  aware,  any  simple,  rapid,  and  reliable  method  yet 
known  of  adjusting  resistance-coils  to  their  exact  value,  when 
some  standard  coil  of  known  resistance  is  used  for  compa- 
rison. It  is,  of  course,  much  more  important  to  know  what 
the  exact  value  of  a  coil  is  than  to  have  that  coil  adjusted  to 
one  ohm  or  one  hundred  ohms,  if  such  adjustment  involves 
some  uncertainty  in  the  percentage  of  its  precise  value.  But 
I  do  not  see  why  our  standards  should  not  only  be  accurately 

•  Read  February  23,  1884. 
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known,  but  also  accurately  adjusted  to  standard  yalues,  at 
least  with  far  greater  precision  than  is  often  the  case.  Further 
than  this,  the  great  cost  of  reliable  resistance-coils,  which  hin- 
ders in  many  cases  their  being  purchased  by  individuals  and 
institutions  of  limited  means,  arises  almost  entirely  from  the 
high  cost  of  the  skilled  labour  now  needed  for  the  tedious 
processes  of  adjusting  the  coils  by  trial  and  error  to  something 
approaching  their  nominal  values. 

The  method  of  adjusting  resistance-coils  now  suggested  has 
proved  itself  in  practice  far  more  accurate  than  any  other,  and 
the  rapidity  with  which  adjustment  can  be  secured  is  extra- 
ordinary. It  consists  in  taking  as  a  first  approximation  a  wire 
cut  off  roughly  of  such  a  length  as  to  have  a  resistance  slightly 
greater  than  that  to  be  finally  given,  and  then  shunting  the 
whole  or  a  portion  of  this  coil  by  a  coil  of  much  higher  resist- 
ance, also  approximately  cut  off  to  a  resistance  calculated  from 
a  single  careful  measurement  of  the  first  rough  coil.  The 
method,  though  new  for  the  construction  and  adjustment  of 
permanent  coils,  is  not  new  as  a  method  in  general,  as  it  was 
used  nearly  twenty  years  ago  by  -the  Committee  on  Electrical 
Standards  for  temporary  adjustments.  On  page  101  of  the 
Reports,  as  reprinted  under  the  editorship  of  Prof.  Fleeming 
Jenkin,  the  following  passage  occurs  : — 

^^  The  idea  of  using  large  coils  combined  with  small  ones  in 
multiple  arc  to  obtain  extremely  small  mitiute  differences  of 
resistance  was  suggested  to  the  writer  by  Professor  [now  Sir] 
W.  Thomson,  and  will  be  found  useful  in  very  many  ways." 
But  only  one  way  is  mentioned  in  the  Reports,  namely  that 
of  plugging  in  the  high  resistance  as  a  temporary  shunt  during 
a  single  experimeni. 

2.  I  ynil  first  describe  the  method  pursued  in  the  Physical 
Laboratory  of  University  College,  Bristol,  for  the  adjustment 
of  coils  not  exceeding  10  ohms  in  resistance.  First,  the  length, 
calculated  to  within  0*5  of  a  centimetre,  is  cut  off  from  a 
specimen  of  Grerman-silver  wire  of  which  the  resistance  per 
centimetre  is  roughly  known ;  2  per  cent,  being  added  before 
the  wire  is  cut  off.  It  is  soldered  to  the  stout  copper  terminals 
prepared  to  receive  it,  doubled  on  itself,  twisted,  wound  up, 
and  when  the  soldering  has  cooled,  the  resistance  of  the  wire 
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is  measured  with  the  utmost  care  by  comparison,  made  on 
Professor  Carey  Foster's  method,  with  a  standard  coil,  con- 
structed at  Cambridge  in  Professor  Stuart's  workshops,  and 
which  has  been  verified  at  the  Cavendish  Laboratory  and  cer- 
tified in  terms  of  Lord  Rayleigh's  determination  of  the  ohm. 
The  ^^  rough  resistance  "  of  the  measured  coil  being  thus  very 
accurately  known,  a  calculation  is  made  to  ascertain  what 
resistance,  connected  as  a  shunt,  will  reduce  the  resistance 
between  terminals  to  one  exact  Rayleigh  ohm.  The  resistance 
required  for  the  shunt  is  in  practice  from  12  to  50,  60,  or 
even  80  ohms.  The  nearer  the  first  approximation,  the  higher 
the  shunt-resistance  required,  as  the  formula  given  below 
shows  at  a  glance.  The  calculation  then  having  been  made, 
the  requisite  length  to  approximate  to  this  is  cut  off  from  a 
much  finer  wire,  which  is  then  soldered  across  the  terminals. 
At  first  we  used  to  measure  the  resistance  of  these  shunts 
before  putting  them  on.  In  practice  we  find  this  quite 
unnecessary,  as  they  can  always,  if  there  is  any  error  of  im- 
portance, be  readjusted  after  soldering  them  to  the  copper 
terminals.  In  nine  cases  out  of  ten,  however,  no  further 
adjustment  is  needed. 

3.  The  following  is  the  theory  of,  and  formula  for,  the 
value  of  the  shunt  required. 

Let  9t  be  the  exact  resistance  of  the  first  rough  approxi- 
mately-cut coil,  being  larger  by  from  I  to  4  per  cent,  than 
the  final  value.  It  is  required  to  find  the  value  S  of  a  shunt- 
coil  which  will  reduce  its  resistance  to  the  final  exact  value  R. 

By  the  ordinary  rule  for  divided  circuits  we  have 

JUS 

R(A'  +  S)=5KS; 
whence 

3fR  ^c 

4.  An  example  for  the  adjustment  of  a  1-ohm  coil  will 
illustrate  the  method  and  its  advantages.  The  following  data 
are  taken  from  the  note-book  of  Mr.  C.  C  St:irling,  Demon- 
strator in  the  Physical  Laboratory  of  University  CoUegfe, 
Bristol,  January  30,  188  i.     Coil  marked  "  </>  3." 

VOL.  VI.  E 
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1*1  metre  of  German-silver  wire  (No.  24  B.W.G.)>  di^m. 
0-56  millim.,  cut  oflF  and  soldered  to  terminals.  Tested  (by 
Foster's  method)  against  Cambridge  Unit  No.  6. 

»=1-0385518  (temp.  17°-2  0.) 

1-0385518     «Qa    k  -J        k     1 

^,.^.-,0  =s33*9  ohms  required  as  shunt. 
•038o518  ^ 

7*05  metres  of  German-silver  wire  (No.  36  B.W.G.),  diam. 
0*2  millim.  (at  20'8  centim.  per  ohm),  cut  off,  and  without 
further  measurement  soldered  to  terminals.  Immediately 
tested  by  Foster's  method^ 

R= 1-007912  Rayleigh  ohms  (temp.  17°-3  C). 

Time  required  to  make  and  test  coil  and  shunt  38  minutes. 

This  coil  was  tested  again  three  days  later,  namely  on 
February  3,  and  gave 

R=  1-004178  (temp.  13^-5  C). 

Tested  again,  February  5, 

R=:  1-0050854  (temp.  14^-5  0.). 
Tested  again,  February  21, 

R= 1-0063923  (temp.  15°-5  C). 
This  coil  is  therefore  correct  at  0°'97  C. 

One  other  example  of  the  application  of  the  method  to  a  bad 
case  will  suffice.  In  this  instance  the  resistance  of  the  main 
wire  was  not  near  enough  to  the  final  value,  being  more  than 
14  per  cent,  too  great,  and  the  shunt  consequently  shorter 
than  desirable.     Nevertheless  the  result  was  quite  satisfactory. 

One-ohm  coil  made  in  Physical  Laboratory,  University 
College,  Bristol,  by  Mr.  0.  Swan, 

JK=M4599. 

Shunt  required  7*85  ohms.     Cut  off  and  soldered.      Final 
testing  by  Foster's  method,  as  follows  : — 

U= 0-9890385  Rayleigh  ohms.  (This  is  the  standard 
"  Cambridge  Unit "  verified  at  the  Cavendish  Labo- 
ratory.) 

y=:  68-845  (mean  of  three  readings). 

or  =65-280 
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^  ss  0*0031  ohm  per  centimetre  of  the  bridge  wire. 

R=  1-0000900  Rayleigh  ohms  (temp.  16^  0.). 
[Tested  again  next  day  this  same  coil  gave 
R=  1-0000435  Rayleigh  ohms  (temp.  17°-2  0.).] 

5.  The  amount  of  the  final  error  caused  by  any  given  error 
in  the  shunt  is  easily  expressed  by  a  formula.  Let  r  be  the  error 
of  the  shunt,  and  n  the  ratio  of  the  shunt  to  the  unshunted 
resistance.  In  practice  60>»>10.  If  the  shunt  S  were 
without  error  we  shoidd  have,  from  the  usual  formula, 

or,  if  S  were  trnly  equal  to  nO?, 

1+n 
Bot  in  reality  S=sn0{+r,  and  consequently  the  shunted  coil 
has  for  its  slightly  erroneous  final  resistance, 
p,_9t(n<K  +  r) 


l  +  «  +  J 


Therefore  we  get  as  the  final  error, 
6=R'-R= 


(«+!)»+ J  (n-1) 


9? 

The  second  term  in  the  denominator  is  always  small  com- 
pared with  the  first  term,  and  may  be  omitted,  for  n  is  never 
less  than  10,  as  remarked  above,  and  r  is  very  seldom  one 
fiftieth  part  of  8J,  and  need  not,  with  care,  exceed  one  two- 
hundredth.    This  reduces  the  expression  for  the  error  to 


€s 


(n  +  l)» 

Snppose  the  error  r  made  in  measuring  the  shunt  is  as  much 
as  2  per  cent.,  and  the  value  of  the  shunt-ratio  n  only  10 ; 
then,  as  the  formula  shows,  the  final  error  is  only  -0165  per 
cent.,  or  in  a  1-ohm  coil  amounts  to  0*000165  ohm.  But  if, 
as  is  in  practice  much  more  frequently  the  case,  the  shunt- 

e2 


Digiti 


zed  by  Google 


52  ON  THE  ADJUSTMENT  OF  BESISTANCE-COILS. 

ratio  n  IB  50  instead  of  10  (and  often  more),  then  with  a  2-per* 
cent,  error  in  the  shnnt  the  final  error  is  onlj  '000767;  or  in 
a  1-ohm  coil  amounte  to  0*00000767  ohm.  In  practice,  the 
error  made  in  cutting  off  the  shnnt  wire  is  nothing  like 
2  per  cent.:  one  half  per  cent  is  easily  attainable. 

6.  The  special  advantages  possessed  by  this  method  of  adjnst- 
ment  cease  to  be  available  for  resistances  exceeding  10  ohms, 
as  it  is  not  convenient  to  measure  off  shnnts  of  500  to  800 
ohms  ;  for  the  wire  is  either  inordinately  long,  or  too  thin  for 
a  reliable  proportion  to  exist  between  lengtib  and  resistance. 
For  resistances  exceeding  10  ohms  we  therefore  modify  the 
process  of  adjustment  as  follows.  The  wire  is  roughly  mea- 
sured out  as  before,  to  a  value  slightly  exceeding  the  final 
correct  resistance.  It  is  soldered  to  the  usual  stout  copper 
terminals  ;  but  before  it  is  doubled,  twisted,  and  wound  up,  a 
spot  is  bared  at  about  one  tenth  or  less  of  its  length  from  one 
end.  At  this  point  a  short  piece  of  copper,  about  2  millim. 
thick  and  3  centim.  long,  is  soldered.  The  resistance  of  the 
whole  wire  is  then  very  accurately  measured  by  Foster's 
method,  and  the  resistance  of  the  short  portion  between  the 
terminal  and  the  copper  piece  is  also  very  accurately  mea- 
sured. We  next  calculate  the  value  to  which  the  resistance 
of  this  short  piece  must  be  reduced  in  order  to  bring  the  total 
resistance  to  its  correct  desired  value,  and  then  the  short 
portion  is  shunted  down  to  the  required  amount  by  a  shunt- 
wire  calculated,  measured  out,  and  soldered  on,  exactiy  as 
described  before. 

7.  In  conclusion,  I  would  remark  that  in  advancing  from 
coils  of  1-ohm  to  coils  of  higher  values  we  have  followed  the 
suggestion  made  by  Lord  Rayleigh  in  1881,  of  passing  by 
three  threes  plus  one  to  ten,  and  three  thirties  plus  ten  to  one 
hundred.  We  have,  however,  found  it  much  more  convenient 
not  to  use  the  ingenious  but  complicated  system  of  mercury- 
cups  suggested  by  Lord  Rayleigh  for  facilitating  this  operation. 
Instead  of  this  we  have  employed  the  following  simpler  device. 
Six  holes  are  drilled  in  a  block  of  paraffin  for  mercury-cups. 
The  holes  have  sheet-copper  disks  fixed  at  the  bottom. 
Each  cup  is  large  enough  to  admit  of  the  insertion  of  three 
stout  copper  terminals.     Figures  1  and  2  below  show  how  the 


Digiti 


zed  by  Google 


ELECTBIC  CONDUCTIVITY  OP  COPPBE-AMTDf  ONT  ALLOTS.      53 

arrangements  are  made  for  connecting  the  three  threes  in 
parallel,  for  yerificationy  and  for  connecting  the  three  threes 
pins  one  in  series,  when  using  them  for  testing  a  10-ohm  coil. 
In  both  figures  the  letter  e  denotes  a  connecting  bar  of  stout 
copper. 


Fig.L 


3)  (3)  (3) 

Mi    I     mm    c    mami      e 


Fig.  2. 


My  thanks  are  due  to  mj  assistant,  Mr.  Colman  G.  Starling, 
Demonstrator  in  Physics  in  Uniyersity  College,  Bristol,  for 
having  sealously  aided  me  in  working  out  the  methods  of 
adjustment  described  above. 


lY.  NoU  on  the  Eleetrie  Condttetiviitf  and  other  Propertiee 
of  the  Copper'Antimony  Alloys.  By  George  Kakenskt^ 
Abboc  Royal  School  of  MineB*. 
It  is  remarkable  that  the  physical  constants  of  the  alloys  of 
copper  and  antimony  have  hitherto  been  but  little  examined, 
more  especially  as  the  series  is  a  very  striking  one ;  and  the 
so-called  ^^  Begulus  of  Yenus,^'  which  was  well  known  to  the 
alchemists,  stands  out  prominently,  with  its  beautiful  violet 
colouring,  both  from  the  rest  of  the  copper- antimony  series 
and  from  the  alloys  of  other  metals. 

*  Read  June  28, 1883. 
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As  a  typical  set  to  work  upon  I  selected  the  following 
series : — 

No.    1.    Antimony  100  parts.     Copper    0  parts. 


2.  „  95  „  „  5 

3.  „  90  „  „  10 

4.  „  85  „  w  15 

5.  „  80  „  „  20 

6.  „  75  „  „  25 

7.  „  70  „  „  30 

8.  „  65  ,,  „  35 


99 


>> 
>> 


W 


„      9.  „  60  „  „  40  „ 

„    10.  „  55  „  „  45  „ 

11.  „  50  „  „  50  „ 

12.  „  45  „  „  55  „ 
99  13.  „  40  „  „  60  „ 
„  14.  „  85  „  „  65  „ 
„  15.  „  30  „  „  70  „ 
„  16.  „  25  „  „  75  „ 
„  17.  „  20  „  „  80  „ 
99  18«  ff  15  „  „  85 
„  19.  „  10  „  „  90 
,,    20.  ••  5  „  ,,  95 


>> 
>> 


I  afterwards  found  it  necessary  to  prepare  two  more,  viz.: — 
No.  10a,  Antimony  49,  Copper  51,  which  has  the  formula 
CujSb;  and  No,  13a,  Antimony  31*9,  Copper  68*1,  which 
possesses  the  formula  Cu^  Sb. 

From  the  point  of  view  of  the  metallurgist,  the  most  inte- 
resting fact  connected  with  the  electrical  constants  of  the 
alloys  is  the  determination  of  the  group  to  which,  following 
Matthiesen's  classifications*,  they  belong.  Are  the  alloys  of 
copper  and  antimony  like,  for  instance,  those  of  copper  and 
tin,  ^^  solidified  solutions  of  one  metal  in  the  allotropic  modi- 
fication of  the  other  ";  and  if  so,  is  the  curve  of  their  electrical 
resistance  a  continuous  one,  showing  at  first  a  rapid  fall  on  the 
copper  side,  and  then  turning  and  passing  nearly  horizontal 
to  the  point  representing  unalloyed  antimony  ? 

The  entire  series  of  the  copper-antimony  alloys  is  unfortu- 
nately very  brittle,  and  therefore  the  preparation  of  wires  is 
out  of  the  question,  and  the  determination  of  the  electrical 
resistance  of  cast  rods  of  metal  is  known  to  be  attended  with 
many  difficulties.     I  therefore  detormined  to  follow  the  course 

*  Phil.  Trans.    Britiah  Associatioxi  Reports,  1863. 
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indicated  by  Prof.  W,  Chandler  Roberts*,  who  has  shown  that 
the  necessary  information  as  to  the  electrical  position  of  alloys 
may  be  readily  ascertained  by  the  induction-balance;  and  the 
accuracy  of  his  view  was  subsequently  confirmed  by  Dr, 
Oliver  Lodgef,  who  used  <he  Wheatstone  bridge*  The  method 
adopted  in  the  case  of  the  induction-balance  consists  in  placing 
the  disk  to  be  examined  on  one  side  of  the  balance^  and  in 
superposing  a  graduated  wedge-shaped  scale  of  zinc  over  the 
opposing  coil.  This  method  has  already  been  described  by 
Prof.  Bobertsf,  who  has  lent  me  the  graduated  zinc  scale  by 
which  his  numbers  representing  the  ^^  induction-balance  effect '' 
of  various  alloys  were  made. 

It  is  true  that  the  numbers  named  by  the  use  of  this  scale 
are  arbitrary ;  but  they  can  be  controlled  by  employing  disks 
of  pure  metal  of  known  resistance^  provided  that  they  have 
the  same  dimensions  and  volume  as  the  diska  of  the  alloys 
under  examination. 

The  alloys  were  cast  direct  into  the  required 
disks,  which  was  managed  by  using  an  ingot-mould 
in  which  a  steel  plate  cut  out,  as  here  shown,  was 
inserted.  The  disks  so  cast  were  ground  down 
on  a  stone  to  a  thickness  of  3  contim. 

In  mapping  out  the  curve  of  Electric  Con- 
ductivity, I  decided,  after  consultation  with  Prof. 
C.  Roberts,  not  to  give  the  number  obtained  for 
the  disk  of  copper,  as  in  his  opinion  that  cannot 
be  deteimined  for  a  disk  of  the  same  size  as  the  rest  of  the 
series  by  the  particular  zinc  scale  used. 

I  here  give  the  readings  obtained  with  the  balance : — 


n 


No.  1. 


3. 
4. 
5. 

6. 
7. 
8. 
9. 
10a. 


58 

69 

74-5 

77 

87 

89 

105-5 

120 

121 


No.  11. 

„  12. 

„  13. 

,,  13a. 

„  14. 

„  15. 

„  16. 

„  17. 

..  18. 


85 
57 
52 
48 
53 
60 
63 
65 
77 


*  Phfl.  Mag.  July  1879. 
t  Phil.  Mag.  Febiuarj  1880. 
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Curve  of  Electric  Conductivity. 

95  go  85  80  75  7t»  6s  60  55  50  45  40  35  30  '25  20  IS  10   6  0 


ISO 


IM 


110 
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SpecificvGi-avity  Curve. 
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It  will  be  seen  that  the  curve,  viewed  as  a  whole,  is  of  the 
Z.  shape,  which  Matthiesen  found  to  be  characteristic  of  the 
class  of  alloys  of  which  the  copper-tin  series  is  the  type. 
There  is  a  very  rapid  fall  from  copper  to  the  alloy  containing 
only  1 5  per  cent,  of  antimony ;  and  this  decrement  is  con- 
tinned  nntil  the  alloy  SbCu^  is  reached,  when  the  curve  turns 
rapidly  and  rises  to  SbCu^,  and  then  turns  again  and  passes 
to  pure  antimony.  It  is  not  a  little  interesting  that^  in  the 
copper-tin  series  (Roberts),  the  alloy  SnCu4  occupies  the 
lowest  part  of  the  curve,  precisely  the  position  that,  in  the 
copper-antimony  series,  is  occupied  by  the  alloy  SbOu4.  In 
the  copper-tin  series,  however,  the  second  critical  point  is  held 
by  the  SnCus ;  and  this  point  in  the  copper-antimony  curve 
is  assumed,  not  by  SbCus,  but  by  SbCu,. 

I  may  add  that  I  have  confirmed  the  composition  of  the 
alloys  at  these  critical  points  by  analysis. 

SbCu,.  SbCu^. 

, A ,  , \ ^ 

Analysifi.  Theory.  Analysis.  Theory. 

Copper    60-85  50*5  68-38  68.1 

Antimony  ...  49-15  49'5  31-62  31-9 

100-00  100-0  100-00  100^ 

In  determining  the  specific  gravities,  I  find  that  they  rise 
gradually  and  evenly  from  antimony  to  the  alloy  Cu4Sb 
(whose  specific  gravity  is  8*871),  and  then  diminish  to  the 
specific  gravity  of  copper.  The  "  Regulus  of  Venus  "  has  a 
specific  gravity  8*339,  which  doe^  not  in  any  way  stand  out 
from  the  rest. 

Sb.  Cu.                                  Specific  gravities. 

100  0  6*700 

95  5 

90  10  7-005 

85  15  7-080 

80  20  7-306 

75  25  7-407 

70  30  7-615 

65  35  

60  40  7-995 

55  45  8194 

50  50  (CujSb)   8-339 

45  55  8-504 
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Sb.         Cu.  Specific  gravities. 

40    60  8-617 

35    65  (Cu^Sb)  8-871 

30    70  8  823 

25    75  8-811 

20    80  8-802 

15    85  8-262 

10    90  8-637 

5    95  8-727 

0   100  8-85 

The  following  is  a  description  of  the  fractures  of  the  series: — 

No.  1 Bright  white,  highly  crystalline. 

„    2 Dull  white,  highly  cr)'stalline. 

„    3 Grey,  highly  crystalline. 

„    4 Grey,  finely  crystalline. 

„    5 Dull  fibrous,  crystalline. 

„    6 Bright  purplish,  highly  crystalline, 

more  than  No.  1. 
„     7.  Very  brittle.    Bright  purplish,large  plates  of  crystal. 

„     8 Bright  purplish,   smaller  plates   of 

crystal. 

„     9 Bluish,  very  finely  cryptoconchoidal. 

„  10 Purple,  fibrous. 

„  11 Purplish  grey,  fibrous. 

„  12 Bluish  grey,  conchoidal. 

„  13 White  vitreous,  fine  granular. 

„  14 Yellowish  white,  fine  granular. 

„  15. White,  extremely  fine  granular. 

„  16 Grey,  granular. 

„  17 Reddish  grey,  granular. 

„  18 Orange,  coarse  granular. 

„  19 Light  red,  granular. 

The  alloys  from  Nos.  12  to  16  are  easily  tarnished. 
From  this  it  will  be  seen  that  antimony  is  very  persistent 
in  its  influence,  and  also  that  the  colour  of  the  ^^  Begulus  of 
Venus  "  first  appears  in  the  alloy  containing  75  per  cent,  of 
antimony,  and  disappears  in  that  containing  45  per  cent. 

From  these  data  it  would  appear  that  in  the  copper-antimony 
series  there  are  two  alloys  which  may  be  assumed  to  possess 
very  definite  compositions — viz.  the  "Regulus  of  Venus," 
SbCus,  and  the  alloy  represented  by  the  formula  SbCu4. 
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V.  Direct-Reading  Electro-Mecuniring  InstrumentSy  and  a  Non- 

Sparking  Key,    By  Professors  W.  E,  Ayhton,  F.R,S.f  and 

John  FBBBYyM.E.* 

[Plat©  ni.] 

Thb  constraction  and  use  of  our  various  measuring-instru- 
ments are  now  so  sufficiently  well  known  that  it  is  unne- 
cessary for  us  to  give  any  general  description  of  them  ; 
indeed  the  names  "  Ammeter/'  "  Voltmeter,"  by  which  we 
ventured  to  christen  two  of  our  children,  have  found  favour 
in  the  eyes  of  Electricians,  and  are  now  current  in  electrical 
literature  as  the  typical  names,  or  surnames,  of  instruments 
used  to  measure  strong  currents  and  large  electromotive  forces 
respectively.  But  just  as  improvements  in  electrical  measure- 
ments have  led,  step  by  step,  to  the  names  for  the  electrical 
units  receiving  more  and  more  exact  definitions,  so  we  now 
propose  to  take  advantage  of  certain  important  improvements 
that  we  have  recently  efiected  in  our  measuring-instruments 
to  define  the  names  *' Ammeter/'  "Voltmeter,"  and  "Ohm- 
meter  ''  more  exactly. 

Proportional  Law. — In  the  earliest  form  of  instruments 
commercially  employed  for  measuring  the  large  currents  used 
for  electric  lighting,  viz.  the  instruments  of  M.  Deprez,  refer- 
ence had  to  be  made  to  a  table  of  values  to  ascertain  the 
meaning  of  any  particular  deflection,  since  there  was  no  im- 
mediate connexion  between  1  degree  deflection  and  1  ampere; 
and,  further,  it  was  necessary  to  refer  to  the  table  twice  over 
when  measuring  two  difierent  currents,  as  the  deflections 
were  not  proportional  to  the  current.  By  giving  a  proper 
shape,  however,  to  the  coil,  needle,  and  pole-pieces  of  the 
controlling  permanent  magnet,  we  succeeded  (in  1880)  in 
producing  instruments  in  which  the  current  or  potential  dif- 
ference was  exactly  proportional  to  the  deflection  throughout 
the  whole  range  of  the  scale;  and,  further,  by  the  employment 
of  our  commutator  principle  an  instrument  was  obtained 
having  two  degrees  of  sensibility,  one  exactly  ten  times  the 
other;  so  that  a  commutator  ammeter,  or  voltmeter,  although 
employed  to  measure  strong  electric  currents  and  large  po- 
tential difibrences  respectively,  could  be  calibrated  by  the 

♦  Read  January  26, 1884. 
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employment  of  a  single  cell  of  known  electromotive  force  but 
of  totally  unknown  resistance. 

Objections  to  the  Employment  of  a  Constant. — Bnt  these 
instruments  possessed  one  serious  fault  looked  at  from  the 
user^s  point  of  view,  and  two  others  which  especially  concerned 
the  manufacturer.  The  scales  of  all  the  instruments  were 
divided  into  degrees;  and  although  the  deflections  were  pro- 
portional respectively  to  the  current  or  the  potential  difference 
to  be  measured,  still  there  was  nothing  to  show  to  how 
many  amperes  or  volts  one  degree  of  the  scale  corresponded. 
Consequently  for  each  instrument  there  was  a  "  Calibration 
Constant,"  such  as  1*75  ampere  or  2*14  volts  per  degree, 
which  was  determined  experimentally  by  the  makers.  We 
have  here  two  of  such  old  type  of  voltmeter,  in  one  of  which 
5'7  volts  produce  one  degree  deflection,  and  in  the  other 
0*09  volt  produces  one  degree ;  the  former  being  intended 
for  measuring  electromotive  forces  up  to  about  250  volts,  the 
other  the  electromotive  force  of  a  single  cell.  But  the  em- 
ployment of  such  a  constant  had  the  very  serious  objection 
that,  as  all  the  instruments  looked  exactly  9,like,  there  was  the 
great  danger  in  any  factory,  where  several  of  these  instru- 
ments were  in  use,  of  the  constant  for  one  instrument  being 
used  accidentally  for  that  of  another.  And  this  mistake  not 
only  renders  the  answer,  of  course,  quite  wrong,  but  is  liable 
to  lead  to  the  destruction  of  the  instrument,  or  at  any  rate  to 
the  breaking  of  the  pointer,  from,  say,  an  instrument  having  a 
constant  0*12  ampere  per  degree  being  put  on  a  circuit 
through  which  50  amperes  are  flowing,  in  consequence  of  the 
experimenter  mistaking  the  "  constant "  for  1*2  ampere  per 
degree.  Further,  even  if  no  mistake  be  made  in  the  ^^  con- 
stant," it  is  troublesome,  except  for  those  who  are  expert  in 
mental  calculation  (a  quality  not  always  predominating  in  the 
men  in  the  charge  of  electric-light  circuits),  to  multiply  a 
"  constant"  3*17  by  the  deflection,  say  21*32,  quickly  without 
the  employment  of  paper  and  pencil. 

We  therefore  decided,  not  merely  to  avoid  using  tables  of 
values  such  as  had  to  be  employed  by  M.  Deprez,  but  evefi 
to  abandon  the  use  of  constants  altogether,  and  to  arrange 
matters  so  that  the  pointer  pointed  at  once  throughout  the 
whole  range  of  the  scale  to  the  number  of  amperes  or  volts  to  be 
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measured  ;  to  design^  in  fact,  ^'  Direct- Beading  "  instruments. 
And  for  the  future  we  propose  to  confine  the  definition  of  an 
"  Ammeter,"  a  "  Voltmeter/'  and  an  "  Ohmmeter  "  to  instru- 
ments on  which  respectively  amperes,  volts,  and  ohms  can  be 
immediately  read  off  without  any  calculation  or  any  reference 
to  a  constant  or  table  of  values. 

On  the  table  there  are  various  specimens  of  our  new  Direct* 
Beading  Ammeters  and  Voltmeters.  In  each  case  the  dial  is 
a  complete  disk  (see  Plate  III.  fig.  1),  and  not  a  sector  as 
in  the  old  instrument.  The  light  aluminium  pointer  is  also 
much  longer,  and  the  length  of  the  graduated  arc  over  which 
its  end  moves  is  much  greater,  so  that  readings  with  the  new 
instruments  can  be  made  much  more  accurately  than  in  the 
old.  Here  is  a  direct-reading  ammeter  suitable  for  measuring 
up  to  10  amperes,  correct  to  a  tenth  of  an  ampere  ;  here  an- 
other for  measuring  up  to  150  amperes,  each  division  of  the 
scale  corresponding  with  one  ampere.  I  now  send  a  current 
with  these  accumulators  through  this  thick  German-silver 
wire,  and  you  see  at  once  from  the  deflection  on  this  ammeter, 
without  any  reference  to  a  table  of  values,  and  without  the 
employment  of  any  troublesome  constant,  that  the  current 
passing,  and  which  is  now  making  the  wire  white-hot,  is  207 
amperes.  Again,  each  division  on  the  scale  of  this  voltmeter 
corresponds  with  1  volt,  this  particular  instrument  being  suit- 
able for  measurements  up  to  100  volts. 

To  construct  a  direct-reading  instrument  it  is  necessary  to 
employ  some  form  of  adjustment  for  sensibility,  since  to  have 
a  special  scale  engraved  for  each  instrument  after  it  was  wound 
would  be  both  troublesome  and  expensive ;  and,  farther,  if 
there  were  no  power  of  adjustment,  any  change  in  the  strength 
of  the  permanent  controlling  magnet  would  prevent  the  in- 
strument from  any  longer  giving  one  division-deflection  per 
ampere  or  per  volt — in  other  words,  would  necessitate  the 
employment  of  a  constant. 

Difficulties  of  Manufacture  of  Older  Forms, — As  regards  the 
two  defects  from  the  manufacturer's  point  of  view  they  were 
these: — ^Even  although  the  shape  of  the  coil,  needle,  and  pole- 
pieces  of  the  magnets  were  made  accurately  to  templates,  it 
was  found  diffiqult,  when  very  thick  wire  had  to  be  coiled  on 
the  bobbin  of  an  instrument  for  measuring  strong  currents,  to 
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wind  it  with  certainty  so  that  both  the  deflection  was  propor- 
tional to  the  current^  and  that  equal  deflections  on  ttie  two 
sides  of  the  zero  had  exactly  the  same  valne.  As  long  as  the 
wire  was  thin,  symmetry  of  winding  was  comparatively  easy 
to  obtain;  but  when  thick  wires,  having  but  a  few  convolu- 
tions, were  wound  round  a  small  bobbin,  the  thickness  of  the 
wire,  combined  with  the  galvanometric  impoiiance  of  each  of 
the  few  convolutions,  especially  of  those  closest  to  the  needle, 
made  it  necessary  to  wind  and  rewind  some  of  the  instru- 
ments several  times  before  the  proportional  law,  as  well  as 
equal  deflections  right  and  left,  could  be  obtained. 

Adjustment  of  Direct-Reading  Instruments. — It  therefore 
was  important,  to  avoid  complexity  of  construction,  that  the 
adjustment  for  sensibility  referred  to  above  should,  if  possible, 
be  so  contrived  as  to  serve  also  for  an  adjustment  for  the  pro- 
portional law.  And  this  we  are  happy  to  say  we  have  at  last 
succeeded  in  accomplishing,  by  fitting  into  each  end  of  the 
bobbin  round  which  the  wire  is  wound  specially  constructed 
charcoal-iron  cores  fitted  with  a  fine  screw.  If  these  cores  be 
too  far  out  or  out  altogether,  the  proportional  law  will  pro- 
bably not  be  true,  the  current  increasing  more  rapidly  than 
the  deflection  ;  on  the  other  hand,  if  they  be  screwed  fully 
home  the  proportional  law  will  also  not  be  true,  the  deflection 
now  increasing  more  rapidly  than  the  current ;  but  we  find 
that  between  two  limiting  positions  of  these  iron  cores  the 
proportional  law  is  true;  and  by  moving  the  cores  in  or  out 
within  these  limits,  the  sensibility  of  the  instrument  can  be 
much  altered  without  destroying  the  proportional  law. 

To  construct  then,  say,  a  50-ampere  instrument,  wire  is 
selected  of  such  thickness,  first,  that  50  amperes  will  not  heat 
it  too  much  ;  secondly,  that  a  sufficient  number  of  convolu- 
tions can  be  wound  on  the  bobbin  for  50  amperes  to  deflect 
the  needle  to  the  limit  of  the  scale  when  it  is  controlled  by  a 
permanent  magnet  of  normal  power.  A  scale  divided  for  50 
amperes  (that  is,  having  the  division  marked  50  amperes  at 
the  end  of  its  range)  is  then  put  on,  and  the  soft-iron  cores 
screwed  in  or  out  a  little  by  trial  until  the  pointer  is  found  to 
point  to  exactly  the  same  number  on  the  dial  as  the  number 
of  amperes  of  current  flowing  through  the  coil.  If  at  any 
time  it  be  found  that  the  permanent  magnet  has  lost  some  of 
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its  magnetising  so  that  less  than^  say,  40  amperes  will  deflect 
the  pointer  to  40  amperes  on  the  dial,  the  iron  cores  are  un- 
screwed out  a  very  small  distance  until  the  change  in  the 
magnetism  of  the  controlling  magnet  is  exactly  compensated 
for. 

The  other  adjustment  to  be  employed  by  the  makers  for 
equalizing  the  deflections  right  and  left  for  the  same  current 
is  effected  by  fixing  the  coil  so  that  it  can  turn  about  its 
centre. 

The  "  Ten  Law "  of  our  commutator»instruments,  which 
means  that  an  ammeter  is  exactly  ten  times  as  sensitive  when 
the  commutator  is  turned  to  series  as  when  to  parallel,  while 
a  voltmeter  is  ten  times  as  sensitive  when  the  commutator  is 
turned  to  parallel  as  when  turned  to  series,  is  effected  by 
the  ten  wires  forming  the  bobbin  having,  inclusive  of  the 
resistance  of  the  contacts  at  their  ends,  exactly  the  same  resist- 
ance; which  condition  being  fulfilled,  it  is  quite  unnecessary 
for  obtaining  the  ten-law  that  the  ten  wires  composing  the 
strand  should  be  at  all  symmetrical  in  the  way  in  which  they 
are  wound  on  the  bobbin.  With  some  of  our  earlier  commu- 
tator-instruments the  resistance  of  the  contact  of  the  springs 
with  the  metallic  pieces  of  the  commutator  introduced  an  error 
when  the  ten  wires  were  each  thick  and  short,  since  then  the 
terminal  resistance  was  a  very  material  portion  of  the  whole 
resistance  of  any  one  of  the  ten  wires.  To  avoid  this  the 
commutators  and  the  springs,  as  will  be  seen  from  the  varions 
specimens  of  the  instruments  on  the  table,  which,  Darwinian- 
like, show  the  history  of  the  survival  of  the  fittest,  have  assumed 
a  much  larger  form. 

In  our  direct-reading  commutator-instruments  the  scale  is 
double,  as  may  be  seen  from  fig.  2 ;  the  upper  numbers 
corresponding  with  the  number  of  volts  when  the  commutator 
is  to  parallel,  the  lower  when  to  series ;  while  in  a  Direct- 
Beading  Commutator  Ammeter  the  upper  numbers  correspond 
with  the  number  of  amperes  when  the  commutator  is  to  series, 
and  the  lower  when  to  parallel. 

Fig.  3  shows  the  interior  of  the  latest  form.  A  A  is 
the  bobbin  round  which  the  wire  is  coiled  ;  M  M  is  the  per- 
manent controlling  magnet,  made  in  two  parts  to  obtain 
considerable  strength;  PP  are  the  soft-iron  pole-pieces  of 
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special  shape,  to  be  referred  to  further  on  ;  F  F  are  the  soft- 
iron  cores,  and  B  B  is  a  connecting  bridge-piece  of  charcoal- 
iron  used  in  onr  latest  form  of  instrument  for  increasing  the 
strength  of  the  deflecting  field  for  a  given  current  by  con- 
necting magnetically  these  iron  cores  together.  This  addition 
is  very  important  in  voltmeters ;  since,  although  in  an  am- 
meter the  constant  of  the  instrument  is  nearly  independent  of 
temperature,  this  is  not  the  case  in  a  voltmeter.  The  current 
producing  a  given  deflection  in  either  instrument  is  practically 
independent  of  temperature ;  but  the  potential  diflerence 
necessary  to  be  maintained  at  the  terminals  of  the  instrument 
to  produce  the  current,  and  which  potential  difl^erence  is  what 
the  voltmeter  is  designed  to  measure,  depends  necessarily  on 
the  resistance  and  therefore  on  the  temperature  of  the  coil.  A 
temperature-correction  can  be  easily  made  for  the  portion  of 
the  efiect  arising  from  the  temperature  of  the  room  ;  but  the 
unknown  amount  of  heating  of  the  coil  arising  from  the  pas- 
sage of  the  current  is  far  more  difiicnlt  to  allow  for.  Hence 
it  is  generally  necessary  to  be  contented  with  a  weaker  con- 
trolling permanent  magnet  for  a  voltmeter  in  order  that  the 
magnetic  efiect  necessary  to  produce  any  given  deflection^  and 
consequently  the  heating  efikst  which  is  proportional  to  the 
square  of  this  magnetic  efiect,  shall  be  less  in  the  case  of  a  volt- 
meter than  in  an  ammeter.  But  the  employment  of  our  soft- 
iron  pole-pieces  combined  with  the  soft-iron  bridge  enables  us 
to  use  much  more  powerful  controlling  magnets,  and  therefore 
to  obtain  a  much  greater  dead-beatness,  and  a  greater  freedom 
from  disturbance  produced  by  extraneous  powerful  magnets 
with  our  last  form  of  voltmeters  than  with  our  earliest. 

German-Silver  or  Copper  Wire  for  tlie  Coil  of  a  Voltmeter. — 
It  might  appear  at  first  sight  that  German-silver  wire  would 
be  better  than  copper  wire  for  voltmeters.  As  regards  the 
error  arising  from  the  change  of  temperature  of  the  room  this 
is  undoubtedly  the  case,  but  not  as  regards  the  heating  of  the 
coils  by  the  passage  of  the  current.  For,  to  produce  any 
given  deflection  on  a  voltmeter  provided  with  a  given  control- 
ling permanent  magnet  requires  a  given  current  for  a  given 
number  of  convolutions  ;  hence,  since  the  specific  resistance 
of  German  silver  is  about  13  times  that  of  copper,  the  produc- 
tion of  heat,  which  necessarily  accompanies  the  production  of 
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a  given  magnetic  effect  with  a  given  instrament^  ivill  be  13 
times  as  great  if  German  silver  be  used  than  if  copper  be  used. 
And  on  account  of  the  inferior  heai-condncting  power  of  the 
German  silver  the  elevation  of  temperature  will  be  probably 
more  than  13  times  as  great.  But  for  the  same  elevation  of 
temperature  the  increase  of  resistance  of  copper  is  only  8*8 
times  the  increase  of  resistance  of  German  silver.  Consequently 
copper  wire  will  be  decidedly  better  than  German-silver  in  any 
case  where  the  change  of  resistance  due  to  the  heating  pro- 
duced by  a  current  flowing  through  a  given  coil  is  concerned. 

The  question  whether  all  the  wire  should  be  wound  on  the 
bobbin  of  the  voltmeter,  or  whether  a  portion  only  should  be 
on  the  bobbin,  and  the  remainder  of  the  resistance,  necessary 
to  be  employed  to  prevent  the  voltmeter  shunting  too  much 
of  the  main  current,  should  be  in  the  form  of  a  resistance-coil, 
must  be  answered  by  the  consideration  as  to  whether  the  total 
consumption  of  energy  which  takes  place  when  a  particular 
deflection  is  maintained  in  the  voltmeter,  or  the  variation, 
arising  from  the  heating  of  the  bobbin,  of  the  reading  for  a 
fixed  potential  difference,  is  the  more  important. 

If  it  is  desired  that  a  particular  deflection  of  the  needle  shall 
be  maintained  with  the  least  total  consumption  of  energy,  then 
all  the  wire  should  be  wound  on  the  bobbin  of  the  voltmeter  ; 
whereas  if  the  heating-error  is  to  be  reduced  to  a  minimum, 
then  a  large  portion  of  the  total  resistance  in  the  voltmeter 
circuit  should  be  external  to  the  voltmeter  itself,  and  should 
be  in  the  fonn  of  a  resistance-coil  made  of  German-silver 
wire,  of  sufficient  thickness  that  its  resistance  is  not  sensibly 
increased  when  the  current  necessary  to  deflect  the  pointer  of 
the  voltmeter  to  the  limit  of  its  scale  is  maintained. 

Met/iods  of  Construction  for  obtaining  the  Proportional  Law. 
— Next,  wiiii  reference  to  the  principle  that  must  be  followed 
to  obtain  the  proportional  law  in  galvanometers.  In  an  ordi- 
nary galvanometer  controlled  by  the  earth-magnetism,  the 
strength  of  the  controlling  field  is  a  uniform  one;  whereas  the 
strength  of  the  deflecting  field  produced  by  the  current  flow- 
ing round  the  coil  is  strongest  in  the  plane  of  the  coil,  and 
grows  weaker  as  we  recede  from  that  plane.  Hence,  when 
the  needle  is  deflected,  it  moves  into  a  weaker  part  of  the 
deflecting  field.     The  result  of  this  is  that  the  deflections  for 
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different  cnrrents  increase  mnch  less  rapidly  ihan  the  cnrrent. 
If  both  fields  be  nniform  for  all  positions  of  the  needle^  and  be 
at  right  angles  to  one  another  when  the  needle  is  in  its  zero 
position,  then,  as  is  well  known ,  the  tangent  of  the  deflection 
increases  proportionately  to  the  current.  In  order,  then,  that 
the  deflection  may  increase  proportionately  with  the  current, 
one  of  three  conditions  mast  be  fulfilled: — (1)  the  needle  when 
deflected  must  move  into  a  stronger  part  of  the  deflecting- 
field,  or  (2)  must  move  into  a  weaker  part  of  the  controlling- 
field,  or  (3)  both  these  results  must  be  true.  The  first  con- 
dition (uniformity  of  controlling-field  combined  with  increase 
of  strength  of  deflecting-field)  can  be  fulfilled  by  using  two 
solenoids  at  a  small  distance  apart  from  one  another^  but  with 
a  common  axis,  and  suspending  the  needle  between  them  so 
that,  on  being  deflected,  it  enters  the  solenoids  and  therefore 
moves  into  a  stronger  part  of  the  solenoid  field ;  or  it  may 
be  fulfilled  by  a  plan  carried  out  practically  by  two  of  our 
assistants,  Messrs.  Walmsley  and  Mather,  and  which  consists  in 
suspending  a  magnet  over  two  coils,  C  0,  wound  as  shown  by 
the  dotted  lines  in  fig.  4,  the  distance  between  the  coils  being 
rather  less  than  the  length  of  the  needle. 

This  latter  mode  has  been  employed  in  our  laboratory  for 
making  students'  rough  galvanometers,  a  specimen  of  which 
you  see  in  its  embryo  state  on  the  table,  and  with  which  the 
deflections  are  accurately  proportional  to  the  current  at  any 
rate  up  to  45°  or  50°.  If,  however,  a  dead-beat  instrument 
is  required,  then,  in  order  to  ensure  roughly  uniformity  of 
controlling-field,  the  pole-pieces,  P  P,  of  the  permanent  mag- 
net, M  M,  must  be  hollowed  out,  as  shown  in  fig.  5,  and  must 
embrace  the  tube,  T,  in  which  the  needle  moves.  We  have 
made  a  number  of  ammeters  and  voltmeters  of  this  type,  and 
a  sample  one  dissected  is  on  the  table.  The  augmentation  of 
strength  of  the  deflecting-field  is  still  farther  produced  by 
the  employment  of  the  soft-iron  cores  F  F  referred  to  above, 
and  which  screw  into  the  brass  bobbin  A  A. 

But  the  condition  3  (the  needle  moving  into  a  stronger  part 
of  the  deflecting-field  and  also  into  a  weaker  part  of  the  con- 
trolling-field) is  the  one  we  find  the  best,  and  it  is  the  one  we 
are  using  in  all  our  latest  experiments,  the  interior  of  one  of 
which  is  shown  in  fig.  3. 
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Change  of  Strength  of  the  Controlling-Magnet. — In  some  of 
our  instraments  we  have  found  that  the  constant  did  not 
suffer  sensible  change  during  a  period  of  many  months ;  in 
others  that  the  change  during  a  much  less  time,  arising  from 
the  falling-off  of  the  strength  of  the  controlling-magnet,  was 
very  serious.  This  latter  effect  we  believe  to  be  partly  due  to 
inferiority  in  the  steel,  it  being  very  difficult  to  obtain  succes- 
sive deliveries  of  magnet-steel  from  the  same  manufacturer 
equally  good  in  quality;  and  partly  from  the  way  in  which  the 
armature^  attached  to  the  instrument  when  not  in  use,  was 
removed  from  the  magnet  when  about  to  be  used.  In  some 
of  our  older  instruments,  from  the  form  of  construction,  the 
mode  of  removal  of  the  armature  took  rather  the  form  of  a 
pull,  which  is  known  to  be  bad  for  the  permanency  of  a 
magnet.  Consequently  our  new  Non-Commutator  Instru- 
ments are  so  arranged  as  to  make  it  impossible  io  use  arma- 
tures at  ull^  while  in  our  Commutator  Instruments  armatures 
are  attached ;  but  the  instrument  is  so  constructed  that  the 
armature  A  (fig.  2)  can  only  be  removed  by  a  pnre  sliding 
motion ;  and  we  shall  thus  be  able  to  ascertain  experimen- 
tally whether  no  armature  at  all,  or  an  armature  put  on  and 
removed  by  a  pure  sliding  action,  is  the  better  for  keeping  the 
controlling-magnet  constant  in  its  strength.  We  anticipate, 
however,  that  no  armature  at  all  wiU  be  the  preferable  plan. 

Ohmmetere* 

An  ohmmeter,  as  we  have  already  said,  we  define  to  be  an 
instrument  in  which  the  pointer  points  at  once  to  the  number 
of  ohms  required  to  be  measured.  The  method  we  employ 
for  making  such  an  instrument  consists  in  fixing  two  coils,  at 
right  angles  to  one  another,  acting  on  the  same  soft-iron 
needle.  One  of  these  coils,  having  terminals  TT  (PI.  III. 
fig.  6),  is  made  of  thick  wire,  and  is  placed  in  series  with  the 
resistance  to  be  measured  ;  while  the  other,  having  terminals 
^  ^,  is  composed  of  very  fine  wire,  and  is  put  as  a  ^unt  to  the 
unknown  resistance.  Hence  the  main  current  produces  its 
effect  by  means  of  the  thick  wire  coil,  and  the  difference  of 
potentials  at  the  terminals  of  the  unknown  resistance  on  the 
fine  wire  coil.  Now  by  properly  proportioning  the  shapes  of 
coils,  and  by  winding  these  coils  in  a  definite  way,  we  nave 
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obtained  an  instmment  in  which  the  deflection  of  the  pointer 
is  exactlj  proportional  to  the  number  of  ohms,  and  which  we 
find  most  convenient  for  measuring  the  resistance  of  any  parts 
of  an  electric-light  circuit ;  such  as  the  field-magnet  of  a 
dynamo,  or  the  resistance  of  an  arc-lamp  while  the  strong  cur- 
rent is  flowing.  The  thick  coil  is  always  kept,  like  an  ammeter, 
in  the  main  circuit,  and  the  terminals  ^  ^  of  the  fine  wire  coil 
are  attached  to  any  two  points,  the  resistance  between  which,  at 
any  particular  moment,  it  is  desired  to  know.  The  use  of  this 
instrument  also  permits  the  employment  of  an  iron  wire,  or 
even  of  a  bit  of  wet  rope,  as  a  resistance-coil  for  experimental 
purposes,  the  resistance  of  the  iron  vme  or  of  the  wet  rope 
being  determined  with  the  ohmmeter  at  the  moment  the  expe- 
riment is  being  made. 

Sir  William  Thomson  has  recently  proposed  a  new  unit,  a 
"  Mho,''  the  reciprocal  of  an  ohm,  on  account  of  the  difficulty 
which  is  found  in  making  people  realize  that  one  thonsandtiii 
of  an  ohm  may  be  of  great  importance  when  you  are  dealing 
with  a  large  current.  But  we  do  not  propose  graduating  our 
ohmmeters  as  mhometers,  an  operation  of  course  quite  simple 
to  efiect ;  because,  first,  if  it  be  found  that  practic^  men  can- 
not be  got  to  pay  attention  to  a  thousandth  of  an  ohm,  we 
venture  to  think  that  they  can  probably  he  got  to  appreciate 
its  value  if  it  be  called  a  thousand  microhms  ;  just  as  practical 
men  do  not  disregard  the  capacity  of  a  mile  of  submarine 
cable  when  called,  as  it  always  is,  a  third  of  a  microfarad, 
although,  possibly,  they  might  do  so  if  it  were  spoken  of  as 
a  three  millionth  of  a  farad ;  and,  secondly,  a  still  greater 
objection  to  the  adoption  of  the  word  ^^mho,"  ingenious  as 
is  this  suggestion  of  Sir  William  Thomson's  (like  all  his 
other  suggestions),  is  that  the  constants  in  connexion  with 
conductivify,  the  reciprocal  of  resistance,  are  quite  different 
from  those  connected  with  resistance.  For  example,  take  the 
case  of  increase  of  resistance  with  temperature.  Let  B  be 
the  resistance  of  a  wire  at  a  temperature  t^  C,  and  B^  that  at 
0°C.;  then  R=B^(l+a^), 

where  a  is  the  increase  of  resistance  per  ohm  per  degree.  Now 
let  C  and  Co  be  the  respective  conductivities ;  then 

C  =  Co(l-a'0, 
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where  a!  is  the  decrease  per  unit  of  conduotivitj  per  degree 
of  temperature.  |^ 

But  since  B'=  qj 

and  Ro=(r> 


l  +  a<= 


0 

1 


X^clt 


When  a  t  and  aft  are  small,  as  in  German  silyer,  the  per- 
centage increase  of  resistance  per  degree  equals  the  percentage 
decrement  in  conductivity  per  degree  ;  but  if  a  i  is  large,  as 
in  copper,  this  is  not  the  case  ;  so  that  while  *388  is  the  per- 
centage increase  of  resistance  of  copper  per  degree,  '293  is  the 
percentage  decrement  of  conductivitj  per  degree. 

Nonsparking  Key. — ^Various  so-called  non-sparking  keys 
have  been  devised  during  the  last  year  or  two  ;  but,  as  far  as 
we  are  aware,  they  by  no  means  completely  fulfil  their  object. 
On  breaking  a  circuit  through  which  a  cuiTrent  is  flowing,  a 
spark  is  produced  the  brilliancy  of  which  depends  on  the 
coefficient  of  seif-induction  of  the  circuit,  and  on  the  current 
flowing  through  the  circuit  just  before  the  circuit  was  broken. 
To  completely  avoid  this  spark,  the  energy  stored  up  in  the 
circuit  must  be  utilized  to  send  a  current  through  an  unbroken 
circuit,  and  this  can  be  accomplished  if  the  resistance  of  the 
circuit,  instead  of  being  suddenly  varied  from  a  small  value 
to  infinity,  is  increased  steadily  by  the  insertion  of  a  resist- 
ance increasing  at  a  proper  rate.  If  it  increases  too  quickly, 
a  spark  will  certainly  take  place ;  if  too  slowly^  the  wire  of 
the  resistance-coil  which  has  been  added  to  the  circuit  will  be 
dangerously  heated. 

Fig.  7  (Plate  III.)  shows  an  arrangement  which  we  have 
devised  for  introducing  this  resistance  at  a  proper  rate,  inde- 
pendently of  any  control  on  the  part  of  the  person  stopping 
the  current.  To  start  the  current,  the  handle  H  is  turned 
moderately  quickly  until  a  solid  piece  of  metal  comes  into  con- 
tact with  the  brush  B,  when  a  catch  holds  the  key  in  that 
position,  and  which  is  the  position  shown  in  the  figure.  The 
current  now  passes  from  one  of  the  binding-screws  to  the 
other  through  practically  no  resistance.  To  stop  the  current 
the  little  handle,  A,  is  slightly  pulled,  when  a  spring,  S,  which 
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was  coiled  up  when  the  handle  was  tarned  round  to  pat  the 
current  on^  causes  the  cylinder  to  turn  in  the  opposite  direc- 
tion, the  various  metallic  pins  on  the  right-hand  side  coming, 
in  succession,  into  contact  with  the  brush  B,  until  finally  the 
pins  M  made  of  ebonite,  and  not  of  brass,  come  into  contact 
with  the  brush  B,  and  the  circuit  is  entirely  broken.  Between 
each  of  the  metallic  contact-pins  there  is  a  resistance  varying 
from  a  small  fraction  of  an  ohm  for  the  first  coil  to  some 
hundreds  of  ohms  for  the  last.  The  effect  is,  then,  that  resist- 
ance at  a  perfectly  definite  rate  is  added  to  the  circuit  before 
breaking  it. 

These  resistances  are  adjusted  partly  by  calculation  and 
partly  by  trial ;  so  that  with  the  particular  rate  of  rotation 
which  the  coiled  spring  S  gives  to  the  barrel  of  the  key,  the 
circuit  of  an  A  Gramme  machine  sending  a  fairly  strong  cur- 
rent can  be  broken  by  the  use  of  this  key  without  any  visible 
spark. 

The  spring  S,  combined  with  the  locking-arrangement, 
makes  it  impossible  for  the  key  to  be  left  partly  on  or  ofi^.  If 
not  put  so  that  the  current  flows  without  resistance,  then  the 
spring  S  breaks  the  circuit  altogether. 

Besides  the  advantage  this  key  affords  of  being  able  to  break 
an  entire  electric-light  circuit  without  spark,  it  is  possible  that 
another  advantage  may  be  produced,  viz.  that  the  life  of 
incandescent  lamps  may  be  increased  by  the  current  passing 
through  them  being  always  gradually  diminished  to  nothing^ 
instead  of  being  stopped  as  is  at  present  the  common  practice; 
but  whether  this  second  advantage  exists,  which,  however, 
seems  extremely  probable,  time  of  course  alone  can  prove. 

At  any  rate  the  existence  of  a  Non-Sparking  Key  now  makes 
it  possible  for  Insurance  Companies  to  turn  their  attention  to 
the  question  of  prohibiting  sparking  altogether,  which  hitherto 
it  has  been  almost  useless  contemplating. 
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VI.  On  a  Practical  Point  in  connexion  with  the  Comparison  of 
Resistances.  By  W.  N.  Shaw,  M.A.,  Emmanuel  College^ 
Cambridge*.  [Plate  IV.] 

The  most  accurate  method  at  present  in  nse  for  the  com- 
parison of  two  resistances  differing  only  by  a  small  fraction 
of  an  ohm,  is  that  suggested  by  Prof.  Carey  Foster  (Journal 
Soc.  Tel.  Engineers,  1872).  It  is  a  method  peculiarly 
suitable  for  the  comparison  of  standards  of  resistance  and 
the  determination  of  temperatnre-ooefBcients  of  coils.  It 
gives  the  difference  of  two  resistances  compared,  free  from 
errors,  which  might  arise  in  the  ordinary  sliding- wire  Wheat- 
stone-bridge  arrangement,  from  uncertainties  as  to  the  con- 
tacts of  the  ends  of  the  slide- wire,  or  from  the  resistance 
of  the  connecting-pieces  between  the  ends  of  the  slide-wire 
and  the  electrodes  of  the  coils  compared.  In  the  process  of 
making  a  determination  by  this  method,  the  two  coils  X  and 
T  have  to  be  made  to  interchange  their  positions,  with 
reference  to  the  other  resistances  of  the  bridge  ;  and  it  there- 
fore becomes  important  for  the  application  of  the  method  that 
the  observer  should  be  able  to  interchange  the  connexions  of 
the  two  coils  with  rapidity  and  facility. 

This  is  very  efficiently  and  conveniently  provided  for  in  the 
modified  form  of  the  slide-wire  bridge  de%'ised  by  Dr.  Fleming, 
and  described  in  the  third  volume  of  the  Proceedings  of  the 
Physical  Society  (p.  174)t.  With  the  ordinary  form  of  bridge 
the  interchange  is  more  difficult,  for  the  coils  to  be  compared 
have  generally  to  be  kept  in  water,  and  the  two  pairs  of 
binding-screws  of  the  bridge  are  a  considerable  distance  apart, 
and  thus  the  shifting  of  the  coils  to  change  their  connexions 
is  a  somewLit  inconvenient  matter. 

At  the  meeting  of  the  Phj'sical  Society  on  Feb.  23,  Prof. 
S.  P.  Tliompson  made  some  suggestions  as  to  the  manner  in 
which  the  ordinary  slide-wire  bridge  might  be  adapted  so 
that  Carey  Foster's  method  could  be  conveniently  applied. 

We  have,  during  the  past  three  years,  at  the  Cavendish 
Laboratory  frequently  had  occasion  to  make  use  of  the  ordi- 
nary bridge  for  comparing  coils  and  determining  temperature- 

•  Read  March  8, 1884. 

t  Phil.  Mag.  [5]  vol.  ix.  p.  109. 
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coefficients  ;  and  have  accordingly  found  it  necessary  to  devise 
some  simple  arrangement  by  which  the  easy  and  rapid  inter- 
change of  the  resistances  under  comparison  could  be  provided 
for. 

I.  A  simple  plan  of  securing  the  facility  of  interchange  of 
contacts  is  to  arrange  four  mercury-cups  in  a  row^  as  1^  2, 3^  4 
in  iig.  1,  and  connect  them,  as  shown  in  the  figure,  with  the 
binding-screws  A  B  and  C  D  of  the  bridge  by  stout  copper  rods. 
The  mercury-cups  should  have  thick  copper  bottoms,  or,  if  the 
arrangement  is  to  be  permanent,  may  be  formed  conveniently 
of  short  bars  of  copper  surmounted  by  pieces  of  india-rubber 
tube,  so  that  connecting-rods  can  then  be-permanently  fixed 
to  the  copper  bars.  The  electrodes  of  the  coils  X  and  Y  are 
inserted  at  1  and  3,  and  2  and  4  respectively,  or  vice  versd^  and 
their  connexions  can  accordingly  be  interchanged  with  very 
little  motion.  The  electrodes  can  be  kept  in  contact  with  the 
bottoms  of  the  mercury-cups  by  elastic  )>ands. 

This  plan  of  adapting  the  bridge  difiers  but  little  from 
that  described  by  Prof.  Thompson,  but  is,  perhaps,  somewhat 
simpler. 

II.  The  second  method  which  we  have  been  in  the  habit  of 
using  requires  a  more  elaborate  apparatus,  but  has  the  advan- 
tage that  the  contacts  of  the  electrodes  of  the  coils  themselves 
are  not  altered  during  an  experiment,  the  interchange  being 
efiected  by  means  of  a  key.  The  coils  under  examination 
can,  indeed,  be  soldered  to  projecting  parts  of  the  key  if 
necessary,  and  the  requisite  contacts  are  secured  by  springs 
pressing  down  metal  tongues  into  mercury-cups,  llie  advan- 
tage of  this  arrangement  is  very  considerable  when  experi- 
ments are  being  made  by  observers  who  are  unfamiliar  with 
the  eccentricities  of  contacts. 

The  arrangement  of  the  key  is  shown  in  plan  in  fig.  2,  and 
in  section  in  fig.  3.  Eight  mercury-cups  1,  2,  3,4,  5,  6,  7,  8 
are  formed  by  boring  holes  in  an  ebonite  plate,  about  half  an 
inch  thick,  and  screwing  copper  plates  on  the  back  (shown  by 
dotted  lines  in  the  figure).  These  copper  plates,  which  are 
carefully  insulated  from  each  other,  connect  the  eight  mercury- 
cups  in  pairs,  and  are  brought  out  in  tongues  A,  B,  C,  D,  to 
which  rods,  forming  connexions  with  the  binding-screws  of 
the  bridge,  can  be  soldered,  or  temporary  contacts  can  be 
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made  by  means  of  the  mercniy-cups  formed  by  drilling  the 
ebonite^  as  shown  in  the  fignre. 

To  another  plate  of  ebonite,  fixed  opposite  to  these  cups  on  the 
same  board,  four  pairs  of  thick  tongues  of  copper — I,  II,  III, 
IV,  V,  VI,  VII,  VIII— are  attached,  the  ends  of  the  tongues 
forming  springs  about  6  inches  long.  At  the  end  of  each 
spring  a  copper  plunger  is  arranged  to  dip  down  to  the  bottom 
of  the  corresponding  mercury-cup,  into  which  it  is  pressed  by 
a  spring,  S,  as  shown  in  fig.  3.  The  springs  work  against  the 
crosspiece  of  wood  M,  M,  and  are  insulated  from  the  tongues 
by  india-rubber. 

A  quadruple  crank,  Q,  is  arranged  to  be  rotated  between 
the  supports  of  the  crosspiece  M,  M  by  means  of  the  handle  H. 
The  crank  is  put  under  the  tongues  at  the  points  where  they 
are  pressed  by  the  springs.  By  rotating  this  crank  four 
alternate  plungers  (I,  III,  V,  VII)  are  lifted  out  of  their 
mercury-cups,  the  other  four  (II,  IV,  VI,  VIII)  being  pressed 
in  by  the  springs;  or,  on  turning  the  crank  through  180°, 
the  four  tongues  (II,  IV,  VI,  VIII)  are  lifted  out  and  the 
other  four  pressed  into  contact  by  their  springs. 

The  electrodes  of  the  resistances  to  be  compared  are  intro- 
duced into  the  mercury-cups  a,  fi  and  7,  5  respectively,  or 
they  could  be  soldered  to  continuations  of  the  tongues  with 
which  these  cups  are  connected. 

Thus  rotating  the  crank  determines  one  of  the  following 
series  of  connexions: — 


Ist  pontion.    Contacts 

.  11. 

3ni. 

5V. 

7VIL 

Connexions 

A«. 

B/8. 

Cy. 

D«. 

2nd  position.   Contacts 

.211. 

4 IV. 

6VL 

8  VIII. 

Connexions 

AS. 

By. 

C/9. 

D«. 

So  that  the  coils  X  and  Y  are  alternately  connected  with  A  B 
and  0  D,  and  vice  versdj  by  a  half-rotation  of  the  crank. 

It  is  necessary  that  any  method  of  interchanging  the  coils 
should  not  alter  the  resistance  of  the  connexions.  It  will  be 
seen  that  the  arrangement  described  is  quite  symmetrical,  and 
therefore  satisfactory  in  this  respect,  except  for  the  piece  of 
copper  connecting  I,  II  with  S ;  and  the  resistance  of  this,  if 
the  copper  be  fairly  thick,  is  too  small  to  be  appreciable. 

Cayendish  Laboratory,  Cambridge, 
March  7, 1884. 
VOL.  VI.  G 
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VIL  Note  on  Hall's  Phenomenon, 
By  Hbrbekt  Tomlinson,  B.AJ* 

In  a  paper  entitled  "  The  Influence  of  Stress  and  Strain  on 
the  Action  of  Physical  Forces  "t,  I  drew  attention  to  the 
fact  that  there  is  a  marked  resemblance  between  the  table  of 
"  rotational  coefficients ''  drawn  up  Prof.  Hall  and  that  laid 
down  by  myself  from  the  results  of  experiments  on  the  effects 
of  mechanical  stress  on  the  specific  electrical  resistance  of 
metals.  A  comparison  of  the  two  tables  given  below  shows 
that,  with  the  exception  of  platinum,  the  metals  stand  in  nearly 
the  same  order  in  both,  and  that  iron  and  nickel  are  very  cou- 
spicuous,  the  one  at  the  top  and  the  other  at  the  bottom  of 
the  lists.  The  last-named  metal  is  especially  worthy  of  notice, 
because  in  it  longitudinal  traction,  when  not  carried  beyond  a 
certain  limit,  diminishes  the  electrical  resistance  in  spite  of  the 
increase  of  length  and  diminution  of  section  which  ensues^ 


Name  of  Metal. 

Botational 
ooefficientj. 

Temporary  alteration 

of  specific  resistance 

per  unit  produced  by 

temporary  increase  of 

length  per  unit. 

+  signifies  increase  of 

resistance  on  applica* 

tion  of  stress. 

Ifon 

+  78-0 
+  16-0 

-  0-2 
0 

-  2-4 

-  8-6 

-  10-0 

-  600 
-120-0 

+2-618 
+2-113 
+1-630 
+  1-613 
+2239 
+1-617 
+1-005 
-0-420 
-8-860 

Zinc    

Tin 

Lead  

Pl9.tini|m    f ,, 

Silver 

Copper  

Aluminium    

Nickel 

It  might  then  be  suspected  that  the  results  obtained  by  Hall 
are  capable  of  receiving  an  explanation,  in  the  fact  that  the 

«  Read  March  22, 1884. 

t  Phil.  Tranfl.  Part  I.  1883,  p.  168. 

I  A  +  sign  attached  to  a  metal  signifies  that  the  effect  is  in  a  direction 
the  same  as  that  which  the  conductor  itself  bearing  the  current  would 
follow  if  free  to  move  across  the  lines  of  magnetic  force  under  the  action 
of  the  ordinary  ''  ponderomotiye ''  force. 
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electrical  resistance  of  the  strips  of  metal  used  by  him  wonid 
be  altered  by  the  mechanical  strain  consequent  on  their  en- 
deavour to  move  across  the  lines  of  magnetic  force.  Mr< 
Shelford  Bidwell  has,  however^  in  his  recent  interesting  com- 
mnnications  to  the  Royal  Society  and  the  Physical  Society^ 
pointed  out  that  ^'  Hall's  phenomenon  "  cannot  be  thns  ac- 
connied  for.  Nevertheless^  as  it  seems  not  improbable  that 
there  is  some  indirect  connexion  betiveen  the  alteration  of 
electrical  resistance  produced  by  mechanical  stress  and  the 
'^  Hall  effect/'  I  have  little  doubt  but  that  experiments  on  the 
*^  rotational  coefficient "  of  nickel^  in  which  the  temperature 
is  varied  up  to  100°  C,  or  in  which  the  strips  are  subjected 
to  mechanical  traction  of  varied  amount,  would  assist  in  deci- 
ding the  question  as  to  whether  purely  mechanical  stresses 
are  to  be  regarded  as  producing  the  phenomenon. '  For  it  has 
been  shown*  that  with  this  metal  the  maximum  diminution  of 
resistance  following  from  longitudinal  traction  is  at  100°  C. 
less  tJian  one  half  o{  thai  at  15°;  and,  furtherf,  that  whilst 
traction  not  exceeding  a  certain  limit  produces  diminution  of 
resistance,  increase  of  stress  beyond  this  limit  is  followed  by 
increase  of  resistance.  Hall  has  remarked,  in  the  *  Philoso- 
phical Magazine'  for  September  1881,  that  the  transverse 
current  obtained  with  a  nickel  strip  is  much  increasedy  other 
conditions  remaining  unchanged^  by  rise  of  temperature.  But 
his  experiments  in  this  direction  are,  I  think,  hardly  conclu- 
sive; and,  indeed,  an  examination  of  the  numbers  given  in  the 
column  in  which  the  values  of  the  "  rotational  coefficient "  are 
recorded  shows,  in  the  first  ten  out  of  the  eighteen  experiments, 
evidence  that  rise  of  temperature  causes  a  decrease  of  the 
transverse  current.  Should  HalPs  phenomenon  prove  to  result 
from  mechanical  strain,  I  incline  to  the  belief  that  a  rise  of 
temperature  from  15°  to  100°  C.  will  produce  decrease  in  the 
transverse  current. 

The  experiments  of  Mr.  Bidwell  tend  very  largely  to  prove 
that  the  ^'  Hall  effect "  can  be  explained  by  the  joint  action  of 
mechanical  strain  and  certain  ^^  Peltier  effects."  Should  this 
be  so,  we  ought,  I  think,  to  be  able,  by  means  of  two  thermo- 
elements connected  with  each  other  and  with  a  delicate  gal- 

*  Loc.  cit.  p.  126.  t  I^c,  cU. 
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vanometer^  one  element  being  in  a  oooled  region  and  the  other 
in  a  heated  region,  to  pnt  this  theory  to  the  test.  Or,  again, 
we  might  cover  the  strip  with  some  material  of  bad  thermal 
conductivity  and  watch  for  a  gradual  increase  of  transverse 
current  with  time  when  the  electromagnet  is  excited,  and 
gradual  decrease  when  the  electromagnetic  stress  is  removed. 
Indeed  in  the  actual  arrangement  adopted  by  Hall  and  Bid- 
well,  it  would  seem  that  this  gradual  increase  or  decrease 
should  occur ;  for  though  the  strips  themselves  would  rapidly 
cool  if  unmounted  and  exposed  to  the  air,  the  nonconducting 
material  of  the  mounting  would  take  some  little  time  both  to 
gain  and  lose  the  heat  imparted  to  it  by  the  strip. 
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VIII.  On  the  Determination  of  Chemical  Affinity  in  terms  of 
Electromotive  Force.— '?2J±  VIII.   By  C.  R.  Alder  Wright, 
D.Sc.  {Lond.)f  F.R,S,y  Lecturer  on  Chemistry  and  Physics, 
and  C.  Thompson,  Demonstrator  of  Chemistry,  in  St.  Mary^s 
Hospital  Medical  Scliool*. 

[Plate  v.] 
On  the  Electromotive  Force  set  up  during  Interdifusion. 

147.  It  is  well  known  that  the  E.M.F.'s  of  cells  like  those 
of  Daniell  and  of  Grove  vary  with  the  degree  of  concen- 
tration of  the  solutions  used  therein,  and  many  measure- 
ments of  the  amounts  of  such  variations  have  been  from  time 
to  time  published  by  different  experimenters,  e.g.  by  Regnault 
{Ann.  de  Chim.  et  d^  Phys.  [3]  xliv.  p.  453),  Svanberg  (Pogg. 
Annalen,  Ixxiii.  p.  290  [1848]);  and  more  recently  by  Streintz 
(Carl.  Rep.  xv.  p.  6  [1879]),  Baumgartner  {ibid.  xv.  p.  105 
[1879]),and  Fromme (^nna/mrf^PAy«i*,viii.p.326  [1879]). 
From  various  causes,  the  nature  of  which  will  be  apparent  later 
on,  the  figures  obtained  by  different  observers  do  not  exhibit 
such  a  degree  of  concordance  as  to  lead  to  the  establishment  of 
any  fundamental  principle  coordinating  the  variation  in  E.M.F. 
with  the  degree  of  dilution  of  the  solutions  used,  excepting  this 

•  Read  January  26, 1884. 
VOL  VI.  H 
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general  rule^  that  when  the  strength  of  the  copper  sulphate  in 
a  Daniell  cell  or  of  the  nitric  acid  in  a  Grove's  cell  is  decreased, 
a  fall  in  the  E.M.F.  results  ;  and  that  when  the  strength  of 
the  solution  surrounding  the  zinc  is  decreased,  a  rise  in  E.M.F. 
ensues,  provided  the  solution  is  one  of  zinc  sulphate :  with 
other  salts,  and  with  dilute  sulphuric  acid,  some  observa- 
tions indicate  rise,  others  fall,  in  E.M.F.  with  decrease  of 
strength. 

It  has  been  shown  by  Moser  {Annalen  derPhysik,  iii.  p.  216 
[1878])  that  when  two  solutions  of  the  same  metallic  salt, 
but  of  unequal  strengths,  are  allowed  to  communicate  so  as  to 
mix  by  interdiffusion,  a  current  is  set  up  passing  from  the 
weaker  to  the  stronger  solution  through  the  fluid  when  elec- 
trodes are  employed  of  the  metal  contained  in  the  salt  used 
(e.g.  zinc  for  solutions  of  zinc  sulphate,  copper  for  solutions  of 
copper  sulphate,  and  so  on) ;  whilst  the  experiments  described 
in  Part  V.  (§  110)  indicate  that  the  variations  in  E.M.F.  of  a 
Daniell  cell  containing  zinc-sulphate  solution  round  the  zinc, 
according  as  the  zinc-sulphate  or  the  copper-sulphate  solution 
varies  in  strength,  are  approximately  equal  numerically  to  the 
values  obtained  by  Moser  as  the  E.M.F.'s  set  up  by  the  inter- 
diffusion of  solutions  of  zinc  sulphate  or  of  copper  sulphate 
respectively,  with  the  same  limits  of  strength  of  solution. 

It  seemed  of  interest  to  pursue  this  point  further,  so  as  to 
decide  by  accurate  measurements  how  far  this  approximation 
is  merely  an  accidental  coincidence  :  accordingly  a  large 
number  of  experiments  have  been  made,  mostly  described  in 
the  following  pages. 

At  first  the  observations  were  made  by  means  of  the  quad- 
rant electrometer,  no  permanent  current  passing  ;  but  it  was 
found  that  the  experimental  and  observational  errors  were 
such  that  unless  a  very  large  number  of  duplicate  cells  were 
prepared  and  very  many  observations  made  with  each,  in- 
volving an  immense  expenditure  of  labour  and  time,  trust- 
worthy averages  could  not  be  obtained.  The  electrometer- 
readings  (deflections  on  both  sides  of  zero)  could,  at  best,  be 
read  to  no  nearer  than  ±'0025  volt;  so  that  averages  for 
single-cell  values  with  a  probable  error  of  not  more  than  +  '001 
volt  (one  millivolt)  entailed  a  large  number  of  readings  for  each 
cell ;  and  as  the  values  for  different  cells  thus  obtained  exbi- 
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bited  a  range  of  several  millivolts,  numerous  duplicate  cells 
had  to  be  set  up  to  obtain  a  final  mean  with  a  probable  error 
of  less  than  ±1  millivolt  as  the  E.M.F.  of  each  kind  of  cell: 
whilst,  finally,  the  differences  between  the  mean  E.M.F.'s 
thus  obtained  exhibited,  when  plotted,  deviations  from  a  regular 
mean  curve  approaching  to  + 1  millivolt,  even  with  the  utmost 
care  in  making  observations  and  the  bestowal  of  much  time 
in  so  doing.  Accordingly,  the  method  of  observation  was 
changed,  a  delicate  galvanometer  being  substituted  for  the 
electrometer ;  the  instrumental  errors  being  smaller  and  the 
sensitiveness  greater*,  the  same  degree  of  accuracy  (t.  e,  the 
same  limits  of  probable  error)  were  found  to  be  attainable 
with  a  notably  smaller  number  of  observations,  provided 
that  certain  precautions  were  observed,  detailed  more  fully 
later  on  (§§  149,  150).  It  was  soon  found,  however,  that 
the  observance  of  these  precautions  sufficed  to  permit  of  the 
method  of  opposition  being  used  so  as  to  obtain  directly  the 
difference  in  E.M.F.  between  two  cells  alike  in  all  respects, 
save  that  the  zinc  (or  copper)  sulphate  solution  used  in  one 
was  stronger  than  that  in  the  other.  The  values  thus  ob- 
tained led  to  sensibly  the  same  mean  curves  as  those  obtained 
with  a  far  greater  amount  of  labour  by  means  of  the  electro- 
meter, and,  notwithstanding  the  diminution  in  the  number 
of  observations,  the  range  of  probable  error  was  sensibly 
diminished. 

*  The  ^vanometer  (by  Elliott)  was  capable  of  being  adjusted  so  as 
to  give  a  total  deflection,  reading  on  both  sides  of  zero  with  a  reversing- 
kej,  of  upwards  of  200  scale-diYisions  when  the  current  from  a  Daniell 
cell  was  passed  through  a  resistance  of  100,000  ohms,  using  the  -p^  shunt; 

1^°"**^*""'"'"""  1000x/o0.1x)0x200  ainpe»e=-000056nucro. 

It  being  conyenient  to  have  some  term  representing  the  millionth  of  a 
millionth  (-000000000001=10-"),  it  is  proposed  to  use  the  prefix  "elaaso" 
for  this  purpose  (firom  cXao-o-ov),  just  as  "  micro "  represents  10"',  and 
**  mega"  represents  10^ :  the  value  of  1  scale-division  as  above  then  becomes 
66  ekuso-ampej-es.  The  fraction  '000000001 =10-^  maybe  conveniently 
represented  by  the  double  prefix  "  miUi-micro,"  using  each  half  in  its 
ordinary  sense ;  so  that  a  centimetre  =  1  milU-micro  earth-qtiadr<xwt.  In 
the  same  kind  of  way  1,000,000,000  ohms  may  be  termed  a  kilonieg6hm\ 
and  a  million  of  million  ergs  may  be  spoken  of  as  a  meizerg  (ficl^oif).  This 
nomenclature  seems  to  be  practically  more  convenient  than  such  terms  as 
twelfth-ampere,  ohm-nine,  erg-twelve,  &c. 
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One  of  the  essential  precautions  being  the  avoidance  of  dimi- 
nution in  E.M.F,  in  consequence  of  so-called  "polarization," 
by  using  currents  of  onl j  minute  density^  it  at  once  suggested 
itself  that  under  these  conditions  in  all  probability  the  differ- 
ence of  potential  set  up  between  (for  example)  two  plates  of 
zinc  immersed  in  zinc-sulphate  solutions  of  different  strengths 
allowed  to  intermix  by  interdiffusion  (or  what  may  be  con- 
veniently called  a  diffusion-cell)  would  vary  little^  if  at  all, 
from  that  set  up  between  the  same  two  plates  immersed  in 
the  same  solutions  respectively  when  these  solutions  are  not 
directly  connected  so  as  to  interdifiuse,  but  are  severally  con- 
nected (by  any  of  the  means  used  in  two-fluid  cells)  with 
solutions  of  copper  sulphate  of  identical  strengths,  in  which  are 
immersed  copper  plates  of  the  same  surface-character  connected 
together  by  a  wire  :  i.  e.  that  subsisting  between  the  terminal 
plates  of  two  opposed  Daniell  cells  containing  the  same  copper- 
sulphate  solution,  but  zinc  solutions  differing  from  each  other 
in  strength  and  respectively  identical  with  those  used  in  the 
diffusion-cell,  when  the  copper  plates  are  united  together  and 
the  zinc  plates  are  the  terminals.  On  trying  the  experiment 
this  was  found  to  be  the  case,  sermbly  identical  mean  curves 
being  obtained  for  given  vaHationa  in  sohition-strength  and  for 
given  kinds  of  plate-surfaces ^  whether  the  method  of  oppositiim 
was  usedy  or  that  of  diffuston-cells. 

148.  Whichever  method  of  observation  was  employed,  the 
following  general  laws  were  always  verified  with  a  high  degree 
of  exactitude  whenever  sufficient  observations  were  taken  to  get 
average  results  with  only  a  small  probable  error.  All  the  ob- 
servations were  carried  out  in  every  instance  at  a  temperature 
within  a  very  few  degrees  of  18°  C,  almost  invariably  between 
15°  and  20°. 

(1)  In  any  two-fluid  cell  containing  solutions  of  two  me- 
tallic salts  and  plates  of  the  respective  metals  contained  there- 
in, an  increase  in  strength  of  the  solution  surrounding  the  plate 
acquiring  tite  higher  potential^  in  mrtite  of  the  normal  action  of 
the  cell  (i.e.  the  plate  functioning  as  the  copper  plate  of  a 
Daniell  cell),  causes  an  increment  in  the  potential-difference  set 
up  between  that  plate  and  the  other.  The  opposite  effect  is 
always  produced  by  an  increase  in  the  strength  of  the  solution 
surrounding  the  other  plate.     The  increment  ai\d  decrement 
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thas  prodacible  are,  in  certaia  cases,  verj  considerable:  with  a 
Daniell  cell  a  diiFerence  of  nearly  6  centivolts  (or  upwards  of 
5  per  cent,  of  the  total  E.M.F.)  is  prodacible,  according  as 
strong  copper-salphate  and  weak  zinc-sulphate  solutions  are 
taken,  or  viceversd;  with  cells  containing  zinc  and  cadmium 
chlorides  analogous  differences  up  to  even  30  centivolts  are 
thus  producible. 

(2)  A  "  law  of  summation  "  holds,  expressible  thus  : — T/ie 
effect  of  the  sum  of  a  series  of  changes  in  the  strengths  of  the 
solutions  in  a  two-fluid  cell  is  equal  to  the  algebraic  sum  of  the 
effects  of  each  change  severally.  Thus,  by  increasing  the  strength 
of  the  copper-sulphate  solution  in  a  Daniell  cell  (from,  say, 
•25  CUSO4  100  HaO  •  to  2-0  CnS04  100  HjO),  a  given  incre- 
ment in  E.M.F.  ensues, = a  ;  by  similarly  varying  the  zinc- 
sulphate  solution  (from,  say,  -25  ZnSO*  100  H,0  to  5*0  ZnS04 
100  HjO),  a  decrement  ensues,  ==  6.  Then  the  difference  in 
E.M.F.  between  two  cells,  one  containing  '25  CUSO4  100  HjO 
and  -25 ZnS04 100  H,0,  and  the  other  containing  20  CUSO4 
100  H,0,  and  5*0  ZnS04 100  HjO,  is  the  sum  of  these  amounts, 
t.  e.  is  a—h ;  so  that  if  e  is  the  E.M.F.  of  the  first  and  E  that 
of  the  second,  B=tf+a— 6. 

Similarly,  if  three  cells  be  compared^  alike  in  all  respects 
save  that  tixe  copper-sulphate  solutions  have  (for  example)  the 
strengths  '25  CUSO4, 1'O  CUSO4,  and  20  CUSO4  (per  100  H2O 
in  each  case) ,  the  excess  of  E.M.F.  of  the  second  over  the  first 
being  experimentally  found  =o,and  that  of  the  third  over  the 
second  being  similarly  found  =dy  then  a=c-\-d. 

(3)  The  values  of  a,  J,  c,  d, are  independenty  not  only 

of  the  actual  strength  of  the  solution  which  does  not  vary  in  any 
two  cells  compared^  but  also  of  t/ie  nature  of  that  solution  and  of 
the  metal  immersed  in  it. 

'  For  example,  in  zinc-copper-sulphate  cells  with  amalga- 
mated zinc  and  electro-copper  plates,  the  effect  of  a  given 
alteration  in  the  strength  of  the  zinc-sulphate  solution  is  sen- 
sibly the  same  whether  the  copper-sulphate  solution  be  strong 
or  weak;  and,  further,  is  precisely  the  same  in  zinc-cadmium- 
sulphate,  or  in  zinc- silver-sulphate  cells  set  up  with  amalga- 

*  Instead  of  expressing  molecular  strengths  in  the  form  MSO4  nH^O, 
and  80  on,  it  is  more  convenient  for  certain  purposes  to  express  them  in 
the  form  mMSO^  100Hj,O,  and  so  on. 
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mated  zinc  plates.  Similarly,  the  numerical  value  of  the  effect 
of  a  given  alteration  in  the  strength  of  the  copper-sulphate 
solution  is  the  same  whether  the  zinc-sulphate  solution  be 
strong  or  weak  ;  and,  further,  is  still  the  same  in  copper- 
cadmium-sulphate  or  copper-silver-sulphate  cells  set  up  with 
electro-copper  plates  *. 

(4)  The  values  of  a,  b,  c,  d, vary  perceptibly  with  the 

nature  of  the  plate-surface  of  the  metal  immersed  in  the  varying 
solution ;  t.  e*  they  are  not  constant  for^a  given  difference  in 
strength  if  the  plate-surface  vary.  In  the  case  of  the  metals 
copper,  zinc,  and  cadmium  the  highest  values  are  observed, 
cceteris  paribus,  with  plates  superficially  amalgamated,  the 
amalgam  being  ^umZ  ;  plates  freshly  electro-coated  give  lower 
values,  and  bright  polished  plates  of  fused  metal  lower  values 
still. 

(5)  With  the  majority  of  kinds  of  plate-surface  examined, 
the  values  of  a  and  b  in  the  expression 

E  —  e  +  a—b 

are  such  that  a  and  b  are  unequal  in  magnitude  for  equal 
amounts  of  variation  in  the  strength  of  the  two  solutions  in  a 
two-fluid  cell.  Sometimes  a  increases  more  rapidly  than  b  in 
numerical  value  as  the  solution-strength  increases  ;  in  which 
case  the  E.M.F.  of  the  combination  rises  with  the  strength  of 
the  solutions  when  both  are  always  of  equal  molecular  strength: 
such  a  case  is  presented  by  a  zinc-copper-sulphate  cell  with 
electro-zinc  and  amalgamated  copper  plates  (§  154).  Some- 
times the  opposite  is  the  case,  e,  g.  a  zinc-cadmium-chloride 
cell  with  amalgamated  zinc  and  electro-cadmium  plates  (§  156). 
Zinc-copper-sulphate  cells  set  up  with  amalgamated  zinc  and 
electro-copper  plates  show  the  peculiarity  that  a  and  b  are 
nearly  equal  numerically  for  all  solution-strengths;  so  that 
the  E.M.F.  of  such  a  Daniell  cell  is  practically  invariable  no 
matter  what  the  strength  of  the  solutions  of  zinc  and  copper 
sulphate  used,  provided  that  these  are  of  the  same  molecular 
strength. 

(6)  On  contrasting  the  values  o{  a,b,  c,  d, with  the 

•  In  copper-silver-sulphate  cells  the  effect  of  a  given  increment  in  the 
strength  of  copper-sulphate  solution  is,  of  course,  to  diminish  the  E.M.F. 
of  the  cell,  and  not  to  increase  it  as  in  zinc-copper-sulphate  cells. 
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E.M.F.'s  correfiponding  to  the  amounts  of  heat  developed  on 
intermixture  of  gramme  equivalents  of  the  two  strengths  of 
the  varying  solution  compared  together,  the  former  are  usually 
found  to  exceed  the  latter ,  sometimes  by  a  very  considerable 
amount. 

149.  In  carrying  out  observations  by  means  of  either  the 
method  of  opposition  or  that  of  diffusion-cells,  it  is  obvious 
that  the  current  observed  produced  through  a  given  total  re- 
sistance only  represents  the  E.M.F.  due  to  difference  of  solu- 
tion-strength, provided  that  the  two  zinc  plates  and  the  two 
copper  plates  are  identical  in  surface-characters,  and  provided 
also  that  the  current-density  is  small  enough  to  reduce  polari- 
zation to  negligible  amounts.  In  practice  it  is  impossible  to 
ensure  equality  of  surface  with  any  pair  of  plates,  even  though 
prepared  with  the  greatest  care  in  precisely  the  same  way 
from  the  same  mass  ;  and  the  result  is  that  when  two  plates, 
apparently  identical,  are  immersed  in  the  same  solution,  one 
is  suflSciently  electropositive  with  reference  to  the  other  to 
cause  a  distinctly  measurable  current  to  flow  through  even  a 
large  external  resistance.  In  order  to  form  some  estimate  as 
to  the  probable  magnitude  of  this  source  of  error,  a  large 
number  of  observations  were  made  with  pairs  of  zinc  plates 
immersed  in  zinc-sulphate  solutions  of  varying  strengths,  and 
pairs  of  copper  plates  immersed  in  copper-sulphate  solutions. 
The  following  results  in  millivolts  were  obtained  with  upwards 
of  120  pairs  of  plates,  readings  being  taken  everj'  few  minutes 
for  about  half  an  hour  after  the  first  immersion,  and  being  then 
averaged.  As  a  rule  the  currents  observed  increased  somewhat 
as  time  elapsed,  so  that  the  first  readings  were  usually  the 
minima.  The  galvanometer-readings  were  translated  into  volts 
by  means  of  the  formula 

where  m  =  the  galvanometer-reading  to  be  translated  (no 
shunt  being  used). 
n  =  the  galvanometer-reading  when  a  Daniell  cell  of 
E.M.F.  D  is  used  to  send  a  current  through 
a  total  resistance  Rj  ohms,  employing  y^^j 
shunt. 


Digiti 


zed  by  Google 


84  MESSRS.  WRIGHT  AND  THOMPSON  ON  THK 

Bs  =  total  resistance  in  circuit  when  the  reading  m  is 

taken. 
C  =  current  representing  1  scale-division  = 
amperes. 


D 


lOOOnRi 
If  the  potential  differences  are  expressed  in  milliyolts^  then 


n     Ki 


Bright  Zinc  Plates. 

Molecular  strength 

of  solution,  per 

100  HjO. 

Near  6  MSO«. 

MSO^to2MSO^. 

•26  MSO,  to 
•6  MSO«. 

AoL&iQmuin  ••••••••• 

Minimum 

Average 

1-49 
•07 
•69 

8-65 

•32 

213 

12-6 
•32 
6-46 

Amalgamated  Zinc  Plates. 

Maximum 

Minimum  

Ayerage 

•11 
•01 
•07 

•15 
•02 
•09 

1-66 
•01 
•69 

Bright  Copper  Plates. 

Maximum 

Minimum  

Ayerage 

816 

•65 

1-95 

2^6 
•48 
1-63 

Recently  coated  Electro-copper  PI 

ates. 

Maximum 

"M'miinnm  

Ayerage 

•66 
•03 
•21 

•22 
■03 
•14 

Amalgamated  Copper  Plates. 

Maximum 

"Mfinimiim  

Ayerage 

•54 
•08 
•28 

1-4 
•27 
10 

As  a  general  rale  the  weaker  the  solution  the  greater  is 
the  average  difference  of  potential  set  up  between  two  plates, 
as  alike  as  practicable^  immersed  in  the  same  flaid :  cceteris 
paribuSy  bright  plates  show  much  wider  limits  of  variation 
than  amalgamated  or  electro  plates. 

It  being  impossible  to  ensure  equality  of  surface-conditions 
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by  simply  taking  pains  to  make  plates  as  alike  as  practicable, 
an  approximation  to  the  valne  that  wonld  have  been  obtained, 
had  the  plates  been  eqnal  in  surface-conditions,  was  arrived 
at  in  each  experiment  by  the  simple  device  of  exchanging  the 
plates  after  one  series  of  readings  had  been  taken^  and  taking 
another  series  of  readings,  averaging  the  two  mean  values  thns 
obtained.  In  many  cases  the  plates  were  exchanged  twice  more, 
and  the  general  mean  of  all  fonr  sets  of  readings  taken.  To 
prevent  alteration  of  solution-strength,  the  plates  exchanged 
were  always  rinsed  with  the  solution  into  which  they  were 
about  to  be  dipped  before  immersion  therein.  Operating  in 
this  way,  the  difference  between  tlie  values  obtained  before 
and  after  exchanging  represents  double  the  sum  of  the  poten- 
tial difference  that  would  be  set  up  between  the  plates  when 
opposed  to  one  another  in  the  same  solutions  respectively.  It 
is  noteworthy  that  the  figures  thus  got  by  exchanging  plates 
are  of  the  same  order  of  magnitude  as  those  resulting  from 
the  opposition  of  two  plates  of  the  same  kind.  Thus  in  the 
above-described  experiments  the  maximum  variation  observed 
with  amalgamated  zinc  plates  is  1*55  millivolt,  and  that  with 
electro-copper  plates  '66  millivolt,  giving  a  sum  of  2'21; 
whilst  the  corresponding  average  values  give  a  sum  of  less 
than  '5  millivolt.  With  two  opposed  Dauiells  set  up  with 
amalgamated  zinc  and  electro-copper  plates,  the  halves  of  the 
differences  observed  on  exchanging  plates  averaged  less  than 
•5  millivolt,  sometimes,  however,  amounting  to  I'O,  and  occa- 
sionally, but  only  rarely,  to  2*0  millivolts;  and  similarly  in 
other  cases. 

150.  In  order  to  eliminate  errors  arising  from  depreciation 
of  E.M.F.  through  non-adjuvancy,  arising  from  the  current- 
density  being  greater  than  the  limiting-density  below  which 
such  effects  are  inappreciable  ("  polarization  "),  several  series 
of  observations  were  made  in  order  to  find  out  what  the 
limiting-densities  are  for  different  kinds  of  plates  and  fluids, 
such  that  the  depreciation  in  E.M.F.  shall  not  exceed  a 
definite  small  quantity,  say  •!  to  '2  millivolt.  The  experi- 
ments already  published  made  with  single  Daniell  and  other 
analogous  cells  (§§  103-105,  Part  V.)  show  that  with  current- 
densities  of  from  10  to  20  microamperes  per  square  centi- 
metre of  plate-surface  (both  plates  being  equal  in  area,  and 
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one  only  being  reckoned),  diminutions  in  E.M.F.  of  from 
1  to  6  millivolta  may  be  brcnght  abont,  quantities  in  many 
cases  far  exceeding  the  potential-differences  due  to  varying 
solution-strength  to  be  measured.  Manifestly,  therefore,  only 
very  minute  currents  can  be  employed  when  two  Daniell 
or  other  analogous  cells  are  opposed,  and  consequently  the 
effect  of  "  polarization  "  about  doubled.  Similarly  the  ex- 
periments described  in  Part  IV.  (§  .93)  indicate  that  when 
a  current  passes  between  two  zinc  plates  in  zinc-sulphate 
solution,  or  between  two  copper  plates  m  copper-sulphate 
solution,  a  "counter  electromotive  force"  of  a  considerable 
number  of  millivolts,  and  even  some  centivolts,  may  be  set  up 
with  current-densities  of  but  a  few  microamperes  per  square 
centimetre;  so  that  in  a  "  diffusion-cell "  serious  diminutions 
in  the  potential-difference  actually  set  up  may  be  brought 
about  by  very  small  currents-densities. 

In  order  to  determine  these  limiting  current-densities, 
experiments  were  made  in  the  following  waj'.  The  diffusion- 
cell,  or  pair  of  opposed  Daniell  or  other  cells  to  be  examined, 
was  set  up,  as  was  also  a  normal  Daniell  coll  for  compa- 
rison, and  the  currents  from  each  alternately  sent  through 
a  large  external  resistance  (using  appropriate  shunts),  series 
of  readings  being  taken  in  each  case.  The  resistance  was 
now  altered,  and  two  fresh  series  of  readings  taken  ;  after 
which  it  was  again  altered,  and  two  more  series  taken,  and 
so  on  :  usually  the  whole  set  of  series  of  readings  was 
repeated  in  reverse  order.  The  average  scale-readings  for 
a  series  of  given  total  resistances  in  circuit  were  thus  known 
both  for  the  Daniell  cell  and  the  other  one  compared  with  it. 
With  the  former,  the  product  of  average  scale-reading  and 
total  resistance  was  sensibly  constant  for  current-densities 
that  caused  an  appreciable  falHng-off  in  the  product  similarly 
obtained  with  diffusion-cells  or  with  two  opposed  Daniell 
cells,  Ac,  showing  that  whilst  "polarization "  did  not  occur 
to  a  measurable  extent  in  the  first  case,  it  did  in  the  second. 
The  following  illustration  will  make  the  point  clear :  two 
series  of  readings  with  varying  resistances  were  made  in 
reverse  order  with  a  normal  Daniell  cell,  and  with  two 
opposed  cells  jointly  giving  an  effective  E.M.F*  of  a  little 
more  than  one-hundredth  of  that  of  the  Daniell  cell;  for  the 
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former  the  j^qxs  s^unt  was  used,  and  for  the  latter  the  ^ 
shunt. 

Single  Daniell  Cell. 


Total  rerist-'            8c.le-r««iing.. 

Product  of  mean 

inoe  in  circuit,     w^x 
in  ohms.    ,   fVr* 

^^^.^^^l   Mean. 

8cale>reading 
into  resistance. 

200.050           63-7          639          63  8 
150,050           848          85-3          85-05 
100,050     1    127-5        127-6        12755 

12-763  xlO« 
12-762  xlO» 
12-761  Xl0« 

Here  the  product  of  scale-reading  into  resistance  being 
constant  within  the  limits  of  observational  error,  it  is  evident 
that  the  E.M.F.  of  the  cell  was  constant  within  about  ^^^xf 
part  of  its  value,  notwithstanding  that  the  current  rose  from 

I'll  /xr;       .  X   .        I'll 

200050    ^^P^^^    (^'^    microamperes)   to    jQQogQ    ampere 

(11*1  microamperes),  representing  a  rise  in  density  of  from  2 

to  4  microamperes  per  square  centimetre,  the  plates  exposing 

a  surface  of  about  3  square  centimetres  each.     Each  scale- 

1'115 
division  here  represented  yr-^rTr-  —rz^-fyr^ — r^re  ampere,  or  87*37 

elassoamperes. 


Two  opposed 

Cells. 

Total  resist- 
ance, in  ohms. 

Scale-readings. 

Current,  in 
microamperes. 

E.M.F. 

in 

milli- 

Tolta. 

FaUin 
E.M.F. 

First 
series. 

Reverb 
series. 

Mean. 

Ill 

69-3 

921 

137-0 

701 

93-25 

138-0 

69-7 
92-67 
137-5 

•060897 
•080965 
•120134 

12-23 
12-21 
1211 

-02 
•11 

Hence  with  an  increase  of  current  from  '06  to  '08  micro- 
ampere, representing  an  increase  in  density  from  '02  to  '027, 
the  fall  in  E.M.F.  was  barely  measurable,  being  only  -02 
millivolt ;  but  when  the  current  rose  to  '12  microampere, 
giving  a  density  of  '04,  the  fall  in  E.M.F.  was  distinct,  being 
upwards  of  "1  millivolt. 

151.  In  the  same  kind  of  way  various  other  observations 
were  made,  and  indicated  on  the  whole  that  the  effect  of 
polarization  in  colls  set  up  with  amalgamated-zinc  and  electro- 
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copper  plates  is  not  greater  than  abont  *2  millivolt,  as  long 
as  the  current-density  does  not  exceed  about  '05  microampere 
per  square  centimetre  of  plate-surface. 

Limiting  values  not  far  from  this  were  similarly  obtained  with 
other  kinds  of  zinc-  and  copper-plate  surfaces.  Accordingly 
in  the  observations  made  with  these  kinds  of  cells  for  the  pur- 
pose of  estimating  the  variations  in  E.M.F.  due  to  difference 
in  solution-strength,  the  current-densities  were  never  allowed 
to  exceed  this  limit,  and  were  usually  a  long  way  below  it. 

In  precisely  the  same  kind  of  way  the  limiting  values  for 
various  kinds  of  diffusion-cells  were  arrived  at.  The  following 
table  represents  some  of  the  average  results  obtained,  the 
B.M.F.'s  being  expressed  in  millivolts: — 


Current- density, 
microamperes  per 
square  oentimetre. 

Two  opposed 
DanieU  cells. 

Diffusion-cells. 

Zinc  sulphate. 

Copper 
sulphate. 

Amalgamated 

sine  and 

electro-copper 

plates. 

Electro- 
sine  plates. 

Amalgamated- 
zinc  plates. 

Electro- 
copper  plates. 

Notezoeeding-02 
•02toOS 
•035  „    -06 
■06,,     10 
•10,.    -16 
•15  „      -2 

1-      *^ 
•5  „      -8 

Below  0-02 
M     0-1 
•Ito   -3 
•3„    -5 
•6,.    -8 
•8  ,.  1-2 

Below  03 
..        1 
•Ito   -2 
•2,.    -5 
•6  „  10 

Inappreciable 
Below  -1 

•Ito    2 

•2  „     4 

•4  „  1-0 

10  „  20 

Inappreciable 

}    Below  1 

0-1  to   -3 
•3..     5 
•5  .,    -8 
•8  .,  20 

It  is  here  noticeable  that  the  amounts  of  depreciation  for 
given  increments  in  current-density  observed  with  two  opposed 
DanieU  cells  containing  amalgamated-zinc  and  electro-copper 
plates  are  fairly  close  to  the  sums  of  those  similarly  observed 
for  two  diffusion-cells,  one  containing  amalgamated-zinc  and 
the  other  electro-copper  plates.  The  chemical  action  in  two 
opposed  DanieU  cells  amounts  to  solution  of  copper  in  one 
cell  and  deposition  thereof  in  the  other,  and  ditto  for  zinc;  or 
precisely  the  sum  of  the  actions  with  two  diffusion-cells. 

The  amount  of  depreciation  for  a  given  current-density  in- 
crease varies  notably  with  the  metal  and  character  of  surface : 
thus  amalgamated  zinc  gives  less  depreciation  than  electro- 
copper,  and  electro-copper  less  than  electro-zinc.  Variation 
in  the  strength  of  the  solution  used  did  not  appear  to  influ- 
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ence  the  resalt  to  anything  like  so  great  an  extent  as  variation 
in  the  nature  of  the  plate-sarfaces. 

On  the  whole  it  was  found,  even  in  those  cases  where  the 
maximum  amount  of  depreciation  was  produced,  that  this  de- 
preciation did  not  exceed  from  '1  to  '2  millivolt,  until  the 
current-density  overpassed  '02  to  "03  microampere  per  square 
centimetre.  In  the  four  cases  above  cited  the  limiting  current- 
densities,  when  the  depreciation  amounts  to  *2  millivolt, 
are: — 

Two  opposed  Daniell  cells,  amalgamated-zinc  and 
electro -copper  plates  '05 

Diffusion-cells,  electro-zinc  plates *06 

„  ,,     amalgamated-zinc  plates    '15 

„  „     electro-copperplates '08 

In  carrying  out  the  observations,  therefore,  care  was  taken* 
that  in  no  case  should  the  current-density  exceed  the  limiting 
value  for  the  particular  class  of  cell  examined,  current-den- 
sities of  much  less  amount  being  in  most  cases  employed;  so 
that,  finally,  M«  effect  of  ^^ polarization^^  on  tlie  average  values 
obtained  is  in  no  case  to  depreciate  titem  by  a  quantity  so  great 
a>s  *2  millivolt y  and  is  usually  insufficient  to  depreciate  by  an 
amount  approaching  to  '1  millivolt, 

152,  As  a  general  rule,  it  was  found  that  when  the  cell  (or 
pair  of  opposed  cells)  to  be  examined  was  set  up,  compara- 
tively little  variation  in  the  current  flowing  took  place  during 
15  to  30  minutes;  what  alteration  did  occur  being  evidently 
due  to  alteration  in  condition  of  plate-surface  (by  superficial 
oxidation  by  dissolved  air,  or  by  molecular  change,  ue. 
spontaneous  change  of  state  of  aggregation,  or  by  solution  or 
deposition  of  external  film  as  the  current  flowed  producing 
electrolysis),  and  being  only  a  fraction  of  the  variation  pro- 
duced on  exchanging  plates.  With  bright  zinc  plates,  how- 
ever, the  alteration  during  a  few  minutes  after  setting  up  was 

*  Owing  probubly  to  the  influence  of  ''  polarization/'  the  values  obtained 
by  Fromme,  loc,  cit.  mprd,  do  not  exhibit  very  close  concordance  with  one 
another,  nor  do  the  mean  curvea  thence  deducible  agree  sharply  with 
those  subsequently  detailed.  Moser's  difiusion-eell  figfures,  on  the  other 
hand,  do  not  difiFer  widely  from  those  obtained  by  us. 
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often  considerable  and  irregular  in  direction.  The  numbers 
given  in  the  subsequent  section  are  in  all  cases  deduced  from 
the  ayerage  readings  of  the  cells  during  the  first  15  or  20 
minutes  after  first  setting  up,  or  after  exchanging  plates,  as  the 
case  might  be;  the  mean  of  the  two  averages  thus  obtained 
(or  of  the  four^  if  three  exchanges  were  made  after  taking  the 
first  set  of  readings)  being  finally  adopted  as  the  mean  value 
for  the  particular  experiment. 

As  regards  the  experiments  with  the  diffusion-cells,  these 
were  ordinarily  constructed  of  two  beakers  united  by  an 
inverted  Y-shaped  tube,  the  ends  of  which  were  covered  with 
bladder  or  other  thin  membrane,  and  filled  with  either  of  the 
two  solutions  used,  one  in  one  beaker,  the  other  in  the  other: 
in  short,  they  were  precisely  similar  to  the  forms  of  Raoult 
cell  used  in  the  preceding  portions  of  these  researches.  It  was 
thought  desirable  to  see  if  any  influence  could  be  traced  as 
exerted  by  the  membranes  as  such,  and  accordingly  a  number 
of  gravity  diffusion-cells  were  set  up  by  pouring  into  a  long 
U-tube  the  stronger  of  the  two  solutions  used  until  mther 
more  than  half  full,  and  then  very  cautiously  running  slowly 
into  one  limb  the  weaker  solution,  so  as  to  have  a  well-marked 
line  of  demarcation  between  the  two  fluids.  Two  plates  were 
then  immersed  in  the  two  solutions  and  exchanged  after 
taking  readings,  and  so  on.  Both  with  zinc  sulphate  and 
copper  sulphate  no  measurable  differences  could  be  detected 
between  the  average  results  obtained  with  these  cells  and 
with  the  Baoult  form  of  cell,  both  sets  of  cells  having  respec- 
tively the  same  fluids  and  kinds  of  plates;  clearly  proving 
that  the  membranes  as  such  exercised  no  measurable  influence 
on  the  results. 

As  an  illustration  of  the  general  character  of  the  experiments 
made,  the  following  observations  with  two  opposed  Daniell 
cells  may  be  cited  as  an  example,  typical  in  all  respects  saving, 
first,  that  the  values  obtained  before  and  after  exchanging 
plates  differ  more  than  usual  (for  which  reason  this  experiment 
is  selected)  ;  and,  secondly,  that  the  galvanometer  was  regu- 
lated so  as  to  be  considerably  less  sensitive  than  was  found 
desirable  for  other  experiments,on  account  of  the  comparatively 
large  potential-difference  to  be  measured. 

Plates  used  :  amalgamated  zinc  and  electro-copper. 
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Solutions  used  :  per  100  HjO,  2*0  CUSO4  throughout ; 
5-584  ZnS04  in  one  cell  and  -1012  ZnS04  in  ^he  other. 

Valuation  of  scale :  a  normal  Daniell  cell  (set  up  with  amal- 
gamated zinc,  electro-copper,  and  zinc-  and  coppernsulphate 
solutions  of  equal  strength)  gave  125'7  scale-degrees  as  mean 
reading  when  200100  ohms  were  in  circuit,  the  j^^  shunt 

being  used,  whence  1  scale^ivision  =  j^^^^^^^i^i-^^ 

ampere  =  '000443  microampere =443  elassoamperes. 


After  exchanging  plates. 
4670 
•2069 


Readings  before  exchanging  plates. 

Average    scale-reading    (no 

shunt  used) 484-25 

Currrent  passing,  in  micro- 
amperes*   '2145 

Total  resistance  in  circuit,  in 

ohms   207400  207400 

E.M.F.,  in  millivolts 44*5  42-9 

Mean  of  the  two  results     43'7  millivolts. 

Maximum  departure  between  ditto  .     1*6  millivolt. 
Difference  from  mean    +'8         „ 

In  the  same  kind  of  way  other  similar  experiments  gave 
means  ranging  from  41*6  to  44*4  millivolts,  the  final  average 
being  43*3,  with  a  probable  error  of  ±'34  millivolt. 

153.  The  following  tables  give,  in  millivolts,  the  results 
obtained  with  various  kinds  of  metalfi,  natures  of  plate-surfaces, 
and  descriptions  of  saline  solutions  : — 

I.    Variations  of  Potential  due  to  Variations  of  Strength  in 
Zinc-sulphate  Solution. 

1.  Amalgamated  Zinc  Plates. 
A.  Observations  with  the  Electrometer. 
Probable  error  of  each  value  cited  not  exceeding  ±1*0  mil- 
livolt.    The  numbers  represent  the  difference  of  potential  set 
up  when  one  solution  is  m  ZnS04  100  HjO,  and  the  other 
n  ZnS04  100  HjO. 

*  Hepresenting  a  current-density  of  about  *045  microampere  per  square 
centimetre. 
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Yahie  of  m. 

Value  of  n. 

4-2 

30 

21 

11 

-55 

•167 

61 
42 
30 
21 
11 
•56 

4 

12 

8 

16 

12 

4 

23 

19 
11 

7 

28 
24 
16 
12 
6 

87 
33 
25 
21 
14 
9 

B.  With  two  opposed  Daniell  cells,  the  copper  plates  being 
united  and  the  zinc  plates  the  terminal  oneS;  the  following 
valaes  were  obtained.  The  probable  error  of  each  value  cited 
is  less  than  in  the  electrometer-experiments,  being  usually 
well  within  ±*5  millivolt,  often  no  more  than  ±*25  millivolt. 


Value  of  m. 

Value  of  n. 

3-995 

3005 

2-158 

1016 

•497 

•1012 

6-684 
3-995 
3005 
2-158 
1016 
•497 
- 

105 

161 
5-6 

20-2 
9-7 
4-1 

26-7 

16-3 

10-6 

6-5 

32-3 
21-8 
16-2 
121 
5-6 

43-3 
32-8 
27-2 
23-1 
16-6 
110 

C.  With  DiflPusion-oells  the  following  values  were  obtained: 
probable  error  of  each  value  less  than  ±'5  millivolt: — 


Value  of  n. 

Value  of  w. 

8-96 

3-10 

2-00 

•96 

•50 

•287 

6-25 

6-8 

12-4 

18-4 

247 

29-2 

350 

3-96 

5-6 

11-6 

17-9 

22-4 

282 

3-10 

6-0 

12-3 

16-8 

22^6 

2O0 

6-3 

10-8 

16-6 

•96 

4-5 

10-3 

•60 

6-8 

On  graphical  representation  all  three  sets  of  figures  are 
found  to  accord  fairly  well  when,  by  interpolation,  the  figures 
are  all  reduced  to  a  common  origin  for  the  three  curves,  viz. 
when  m=5'0.  The  following  table  gives  the  result  thus  re- 
duced to  common  origin  and  the  same  abscissae. 
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Electrometer. 

Two  uoposed 

DifFusion- 
cells. 

Average. 

5-684 

5-25 

51 

5-0 

4-0 

3-0 

20 

10 
•6 

•237 
•167 
•100 

-  o'i' 

0 

4-8 
11-6 
16-3 
23-5 
28-7 
34-9 
36-6 

-  3-8 

"o" 

6-7 
12-3 
17-3 
231 
28-5 
35-7 
37-7 
39-5 

-  1-3 

*o" 

5-2 
11-6 
17^1 
231 
27-9 
33-7 

0 

5^6 
11-8 
16^9 
23-2 
28-4 
34-8 
37-2 
39-5 

It  is  evident  that,  having  regard  to  the  impossibility  of 
completely  eliminating  errors  from  difference  of  character  of 
plate-surface,  these  numbers  coincide  sufficiently  closely  to 
show  that  whether  no  current  at  all  circulates  (electrometer), 
or  a  small  current  not  too  great  to  set  up  any  notable  ^^  pola- 
rization," sensibly  the  same  numbers  result  whether  the  observa- 
tions he  made  hy  carefully  valuing  separate  cells  and  subtracting 
the  values  from  one  another  ;  by  opposing  two  cells  and  measure 
ing  the  current  due  to  the  difference  in  their  E.M,F,'^s  ;  or  hy 
means  of  diffusion-cells  (representing  the  terminal  liquids  of 
two  opposed  cells  of  Raoult's  form,  when  directly  connected). 
The  same  conclusions  also  follow  from  the  observations  detailed 
in  §  154  made  with  copper- sulphate  solution  and  electro- 
copper  plates. 

2.^  Electro-zinc  Plates. 

Observations  made  with  Diffusion-cells  only  :  probable  error- 
in  no  case  exceeding  ±'75  millivolt. 


n=3O05 

n=l-016 

«=1012 

m=5-584 
3-005 
1-016 

11-2 

20-0 

8-8 

30-5 
19-3 
10-6 

3.  Bright  Zinc  Plates. 

Observations  with  Diffusion -cells  only:  very  much  less  con- 
cordance between  the  results  of  these  experiments  than  with 
other  kinds  of  zinc  plates,  and  much  more  alteration  (and  of 
more  irregular  character)  on  allowing  cells  to  stand  a  few 
minutes. 
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Probable  error  abont  +  1*5  millivolt. 


»i=3-005 

»=-1012 

«»=5-684 
=3-006 

lOO 

29-6 
19« 

The  following  table  represents  these  three  sets  of  values 
rednced  by  interpolation  to  a  common  origin  (ms5*0)  and 
common  abscissse:  the  cnnres  respectively  marked  1,  2,  and  3 
in  fig.  1;  Plate  Y.,  indicate  the  ^ree  sets  of  rednced  values 
thus  obtained. 

Difference  of  Potential  set  up  between  Solutions  of  5*0  ZnS04 
100  H,0  and  nZnSO*  100  H,0. 


Amalgamated  sine 
(average  above  cited). 

Electro- 
zinc 

Bright 
sine 

n=5-0 
=30 
=1-0 
=0-1 

0 
11-8 
23-2 
39-6 

0 

8-tf 
17-6 
27-9 

0 

7-7 
15-8 
25-3 

Evidently  the  values  with   amalgamated  zinc    are    the 
highest;  and  those  with  bright  zinc  the  lowest. 

154.  11.  VaruUions  of  FoUntial  due  to  VaticUion  in  Strength 
of  Copper^evlpJuUe  Solution. 

1.  Electro-copper  Plates. 

A.  Observations  with  the  Electrometer.     Probable  error 
not  exceeding  + 1  millivolt 


YalueB  of  m. 

Values  of  ik 

110 

•56 

•167 

21 
11 
•55 

5 

11 
6 

20-6 

13-6 

9-5 

B.  With  two  Opposed  Cells.     Probable  error  usually  well 
within  +'5  millivolt;  and  often  less  than  ±*25  millivolt 


fi=-940 

«=-461 

ii=-094 

«=  1-972 
=  -940 
=  -461 

5-6 

10-3 
4-7 

22-4 
16-8 
121 
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C.  With  Diffasion-cells.     Probable  error  less  than  +'5 
millivolt. 


n=-99 

n«47 

»=-227 

«i=l-88 
=  -99 
=  -47 

5-7 

10-5 
4-8 

16-3 

10-6 

47 

On  graphical  representation  after  reduction,  by  interpola- 
tion, to  common  origin  (when  m= 20)  and  common  abscissse, 
these  three  sets  of  figures  are  found  to  coincide  within  reason- 
able error-limits,  thus  confirming  the  results  arrived  at  above 
with  amalgamated-zinc  plates  and  zinc-sulphate  solutions. 
Further,  it  is  noticeable  that  these  values  are  all  close  to  those 
similarly  obtained  with  zinc-sulphate  solutions  and  anialga- 
mated-zinc  plates  when  similarly  reduced. 


Value  of  i». 

Electro- 
meter. 

Two 

oppoedd 

cells. 

Diffusion- 
cells. 

Aferage. 

Average  with 
zinc  sulphate 
and  amalga- 
mated-zinc 

21 

2-0 

1972 

1-88 

10 
•6 

•227 
•167 
•100 
•094 

-•5 
0 

•  ••  ••• 

6-6 
11-7 
18-6 
20K) 
21-7 
21-8 

"o 

•2 

6-6 
lOl 
18-2 
20-2 
22-4 
22-6 

0 

"•8 

6-4 

llO 

171 

0 

•••••• 

6-8 
109 
17-9 
201 
220 

0 

*6*3 
11-5 
18-2 
20-8 
22-6 

It  would  hence  result  that  ihe  E.M.F.  of  a  Daniell  cell 
set  up  with  zinc-  and  copper-sulphate  solutions  of  the  same 
molecular  strength^  and  amalgamated-zinc  and  electro-copper 
plates,  cannot  exhibit  any  very  marked  variation,  whatever 
the  actual  strength  of  the  solutions,  inasmuch  as  whatever 
effect  on  the  E.M.F.  is  produced  by  a  given  variation  in  the 
strength  of  the  zinc-sulphate  solution  must  be  very  nearly 
counterbalanced  by  the  equal  and  opposite  effect  of  the  same 
variation  in  the  strength  of  the  copper-sulphate  solution.  If, 
however,  electro-zinc  or  bright  zinc  plates  be  used,  the  E.M.F. 
must  rise  with  the  strength  of  the  solutions,  the  copper-sul- 
phate variation  effect  overpowering  the  zinc- sulphate  variation 
effect.     In  other  words,  if  ^  be  the  E.M.F.  of  the  cell  for  a 
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given  lowstrength  of  solntion^and  E  that  for  a  greater  strength, 
thenE=^+a— 6  (§  148):  with  amalgamated  zinc  and  electro- 
copper  plates,  a  nearly =d;  bnt  ^-ith  electro  or  bright  zinc, 
a<d. 

The  following  experiments  show  that  the  value  of  a,  ccBteris 
paribusy  is  greater  with  amalgamated,  bat  less  with  bright, 
than  with  electro  copper;  so  that  with  cells  set  up  with  amal- 
gamated zinc  plates,  the  value  of  the  E.M.F.  rises  with  the 
strength  of  the  solntions  when  amalgamated  copper  plates  are 
y  opposed,  and  falls  when  bright  copper  plates  are  nsed  instead. 

2.  Amalgamaied  Copper  Plates. 

Observations  with  Difinsion-cells.     Probable  error  not 

exceeding  +'75  millivolt. 


i»=-940 

«=-461 

n=-094 

27-6 
21-5 
15-6 

w=1972 
•940 
•461 

6-0 

120 
6-0 

3.  Bright  Copper  FliOes  partially  but  not  completely 
Electro-coated. 
Observations  with  Diffosion-cells.    Probable  error  not 
exceeding  +'75  millivolt. 


«=940 

n=-461 

n=094 

w=l-972 
•940 
•461 

41 

9-3 
5-2 

19-7 
16-6 
10-4 

4.  Bright  Copper  Plates. 
Observations  with  Diffiision-cells.     Probable  error  not 
exceeding  ±1*0  millivolt. 


n=461 

n=-094 

w=l-972 
•461 

6-9 

16-8 
9-9 

The  following  table  represents  these  four  seis  of  values  re- 
duced, by  interpolation,  to  a  common  origin  (m=2"0)  and 
common  abscisssB:  the  curves  marked  respectively  1, 2, 3^  and  4, 
fig.  2,  represent  these  sets  of  reduced  values  :  curve  5  simi- 
larly represents  the  average  values  for  amalgaihated  zinc  and 
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zinc-snlphate  solution   similarly  reduced;   evidently  nearly 
coinciding  with  curve  2  (electro-copper). 

Difference  of  Potential  set  up  between  Solutions  of  2*0  OuSO* 
100  H,0  and  nCuSO*  100H,O. 


copper. 

Electro- 
oopper. 

Bright  copper 
only  partially 
electro-coated. 

Bright 
copper. 

»=20 
=  10 
=  -5 
=    1 

0 

6-9 
117 
27-2 

0 

6-8 
lOi) 
220 

0 

4-0 

9-0 

19-6 

0 

3-5 

6-6 

16-8 

155.  A  number  of  observations  were  similarly  made  with 
various  cadmium-sulphate  solutions,  employing  different  kinds 
of  cadmium  plates :  only  difiusion-cells  were  used  in  this 
series  of  experiments.  The  following  results  were  obtained 
as  final  average  values^  showing  that  amalgamated  plates 
(wet  with  liquid  amalgam)  give  higher,  and  bright  plates 
lower  values  than  electro-coated  plates,  just  as  with  zinc  and 
copper. 

1.  Electrchcadmium  Plates. — Probable  error  of  each  value 
less  than  +  '5  millivolt. 


Value  of  n. 

Value  of  m. 

4-95 

3-205 

2-01 

102 

•46 

•235 

6-10 

60 

14-2 

19-5 

24-7 

29-9 

342 

4-96 

8-2 

13-6 

18-7 

23-9 

28-2 

3-206 

63 

10-5 

15-7 

20O 

2-01 

5  2 

10-4 

14-7 

1-02 

5-2 

9-6 

•46 

43 

2.  BriglU  Cadmium  Plates, — Probable  error  less  than  ±'75. 
millivolt. 


Value  of  m. 

Value  of  n.                                       1 

4-95 

3-205 

2-01 

1-02 

•46. 

•235. 

610 
4-96 
3205 
201 
102 
•46 

4-9 

13-7 

8-8 

18-5 
13-6 

4-8 

23-0 

18-1 

93 

4-6 

27-4 

22-5 

13-7 

8-9 

4-4 

30-5 
25-6 
16-8 
120 

7-5 
31 
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3.  Amalgamated  Cadmium. — Surface  wet  with  fluid  amal- 
gam.    Probable  error  not  exceeding  ±*75  millivolt. 


«=20l. 

«=l-02. 

«=-236. 

«»=610 

=2-01 

=102 

20-6 

26-3 
5-7 

35-9 

15-3 

9-6 

4.  Amalgamated  Cadmium. — Surface  not  fluid,  but  crys- 
talline.    Probable  error  not  exceeding  +  1*5  millivolt. 


«=2-01. 

n=102. 

n=-235. 

OT=610 
=201 
=  102 

14-5 

19-6 
61 

24-5 

100 

4-9 

The  following  tables  are  obtained  from  the  above  values 
hy  interpolation,  as  in  the  above  observations  with  zinc  and 
copper  sulphates: — 

Difference  of  Potential  set  up  between  Solutions  of  S'OCdSO* 
100  Ha  0  and  nCdSO^  100  H,0. 


Amalgamated 

cadmium, 

fluid. 

Electro- 
cadmium. 

Bright 
cadmium. 

Amalgamated 

cadmium, 
crystalline. 

»=50 

0 

101 
161 
209 
26-6 
80-4 

0 

99 
13-9 
19-2 
23-8 
28-6 

0 

10-6 
13-8 
18-4 
22-4 
25-8 

0 

71 
10-6 
16-8 
18-3 
206 

3-0 

2-0 

10 

0-6 

0-236 

Difference  of  Potential  set  up  between  Solutions  of  2'0CdSO4 
100 HjO  and  nCdSO*  100 H,0. 


Amalgamated 

cadmium, 

fluid. 

Electro- 
cadmium. 

Sright 
cadmium. 

Amalgamated 
cadmium, 
crystalline. 

»=20 

0 

6-8 
10-6 
16*3 

0 

6-3 

9-9 

14-6 

0 

46 

8-6 

120 

0 

6-2 

7-7 

10-6 

=  10 

=  -6 

=  -236 

Curves  1  to  4  (figs.  3  and  4)  represent  these  sets  of  values 
respectively  :  it  is  noticeable  that  the  curve  obtained  with 
crystalline  amalgam  plate-surfaces  underlies  the  others. 

On  contrasting  the  first  of  these  tables  with  that  similarly 
obtained  with  zinc  sulphate  (§  153),  and  the  second  with  that 
obtained  with  copper  sulphate  (§  154),  it  is  evident  that  with 
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certain  kinds  of  platea  the  effect  of  an  increase  in  strength  of 
solntions  (both  being  always  of  equal  strength)  is  to  produce 
an  increase  in  E.M.F.  in  zinc-cadmiom-snlphate  cells  or 
cadminm-copper-snlphate  cells ;  and  with  other  kinds  of  plates 
to  prodace  a  decrease:  t.  e.  the  values  of  a  and  h  in  the 
formula  B=^+a-6 

are  such  that  in  certain  cases  a>h  and  in  others  h>a^  precisely 
as  is  found  with  zinc-copper-sulphate  cells.  It  is  noticeable 
that  even  in  the  most  extreme  cases  the  difference  between  a 
and  h  is  never  very  great^  rarely  exceeding  a  few  millivolts. 

156.  For  the  sake  of  comparison  with  the  amounts  of  heat 
developed  on  intermixture  of  strong  and  weak  solutions^ 
the  following  series  of  observations  were  made  with  solutions 
of  zinc  and  cadmium  chlorides,  these  salts  being  more  espe- 
cially selected  because  the  calorimetric  observations  detailed 
later  on  (§  160)  showed  that,  whereas  the  heat  of  dilution 
of  cadmium-sulphate  solutions  is  greater  than  that  of  zinc- 
sulphate  solutions,  the  opposite  relationship  holds  with  the 
solutions  of  the  chlorides  of  these  metals. 

Cadmium  Chloride. — Observations  with  diffusion-cells. 
Electro-cadmium  plates  :  probable  error  of  each  value  not  ex- 
ceeding ±"5  millivolt. 


Value  of  wi. 

Value  of  n. 

80. 

4-46. 

31.     1      21. 

•67. 

•25. 

Ill 
80 
4-45 
31 
21 
•67 

161 

23-8 

7-7 

...... 

26-4 

10-3 

2-6 

331 

170 

93 

6-7 

43-3 
27-2 
19-5 
16-9 
10-2 

54-4 
38-3J 
30-6 
280 
21-3 
HI 

Zinc  Chloride.—  Observations  with  diffusion-cells.   Amalga- 
mated-zinc plates:  probable  error  less  than  ±1*0  millivolt. 


Value  of  «. 

Value  of  m. 

9-8. 

61. 

3-3. 

2-04. 

•754. 

•25. 

•172. 

24-4 

1120 

186-3 

2071 

2181 

239-7 

2541 

2590 

9-8 

74-3 

951 

1061 

127-7 

1421 

147-0 

61 

20-8 

31-8 

53-4 

67-8 

727 

3-3 

no 

32-6 

470 

51-9 

2-04 

21-6 

360 

40-9 

•754 

. .  * .  .^ 



14-4 

19-3 

•25 

4-0    1 
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On  reducing  these  two  sets  of  figures  to  the  values  for 
msulO  as  origin,  and  plotting  the  resulting  numbers,  the 
curves  marked  1  and  2  respectively  (Pl.V.  fig.  5)  are  obtained: 
evidently  the  value  of  b  in  the  expression  E=^e'{-a'—b  greatly 
exceeds  that  of  a  for  all  cases  where  equal  molecular  strengths 
of  solutions  are  used  in  zinc*cadmium-chloride  cells;  «.  e.  the 
E.M.F.  of  a  cell  set  up  with  zinc  and  cadmium  chlorides, 
amalgamated  zinc,  and  electro-cadmium  decreases  as  the  solu- 
tion-strength increases,  both  solutions  being  equal  in  strength 

A  number  of  observations  made  with  the  galvanometer 
showed  that  this  is  the  case,  and  that  the  value  of  the  E.M.F. 
of  any  zinc-cadmium-chloride  cell  is  given  in  volts  by  the 
equation 

E  =  -330  +  a~6, 

where  '330  is  the  E.M.F.  of  a  cell  containing  amalgamated- 
zinc  and  electro-cadmium  plates,  and  solutions  of  the  chlorides 
of  equal  strength  *25MCl9  100 H^O;  whilst  a  and  b  are  the 
values  deduced  from  the  above  tables  for  the  difference  of 
])otential  set  up  for  solutions  of  this  strength  as  compai*ed  with 
the  particular  strengths  employed  in  the  cell  examined. 

157.  A  noteworthy  point  in  connexion  with  the  value  '330 
volt  for  solutions  -iSMCla  100 H,0  is  the  following.  Ac- 
cording to  Julius  Thomsen  (Jouim,  Prakt.  Cheniie^  xi.  p.  402), 
the  heats  of  formation  of  cadmium  and  zinc  sulphates  dissolved 
in400H8O  (•25MSO4  100  H,0)  exhibit  exactly  the  same  dif- 
ference as  exists  between  those  of  cadmium  and  zinc  chlorides 
dissolved  in  200 H,0;  thus:— 


Zn,  0,  SO3,  aq=  106090 
Cd,  0,  S03,aq       89500 

16590 


Zn,  Clj,  aq=  112840 
Cd,  Cl„  aq   96250 

16590 


Consequently,  as  the  heat  of  dilution  of  ZnClg  200  HjO 
to  ZnCl,  4OOH2O  exceeds  that  of  CdCl,  2OOH3O  to  CdClj 
400  HjO,  and  the  excess  is  to  be  added  to  the  above  difierence 
in  the  case  of  the  chlorides,  the  heat  evolved  in  the  displace- 
ment of  cadmium  by  zinc  from  CdClj  400  H2O  is  slightly 
greater  than  that  from  CdSO4  400H2O.  The  electromotive 
forces  of  zinc-cadmium-sulphate  and  zinc-cadmium-chloride 
cells  for  solutions  of  strengths  MSO4  400  HjO,  and  MCl^ 
400  H,0  (•25MSO4  and  -25  MCI,  per  100  HjO)  do  not  ex- 
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hibit  this  relationship:  on  the  contrary^  the  E.M.F.  of  the 
latter  is  materially  leas  than  that  of  the  former;  and^  further, 
is  distinctl}'^  less  than  that  corresponding  to  the  heat  evolved 
in  the  net  chemical  change  with  which  the  E.M.F.  of  the 
former  fairly  coincides;  thus  :— 

E.M.F.  corresponding  to  16590  gramme- "J 

degrees  per  gramme-molecule^  or  8295  >  ='365  volt, 
per  gramme  equivalent   } 

Observed  E.M.F.  with  zinc-cadmium-sul--^ 
phate   cells  set  up   with  solutions  of 
•25MSO4  100 H,0,  amalgamated-zinc  [  =-360  volt, 
and    electro-cadmium    plates   (§   121; 
Part  VI.) 

Observed    E.M.F.    with    zinc-cadmium- ^ 
chloride  cells  set  up  with  solutions  of  f  __  ^^ 
•25  MCI,  100  H,0,    amalgamated-zinc  r~*^^^    " 
and  electro-cadmium  plates J 

The  difference  bet  wen  "365  and  -330  volt,  or  -035  volt, 
represents  nearly  10  per  cent,  of  the  former  value,  and  cor- 
responds to  upwards  of  1500  gramme-degrees  per  gramme- 
molecule,  a  quantity  almost  too  large  to  be  likely  to  be  due 
solely  to  accumulation  of  experimental  errors.  This  point 
will  be  farther  discussed  in  a  future  paper. 

158.  No  material  difference  is  made  in  the  relationships 
between  the  E.M.F.'s  observed  (deduced  from  the  assumption 
that  the  E.M.F.  of  Clark's  cell  ==1-457  volt)  and  those  calcu- 
lated from  the  heat- values  (by  using  the  factor  4410),  when, 
instead  of  the  numerical  values  1*457  and  4410  for  these  quan- 
tities (hitherto  purposely  employed  throughout  for  the  sake 
of  uniformity),  the  more  exact  values  are  used  deduced  from 
more  recent  observations  on  the  true  value  of  the  B.A.  unit 
of  resistance,  and  especially  those  of  Lord  Bayleigh,  which 
indicate  that  the  true  value  is  only  '9868  x  10^  For  the  use 
of  this  corrected  value  reconciles  the  apparent  discrepancy 
between  Joule's  various  valuations  of  the  mechanical  equiva- 
lent of  heat  (§§  33,  34,  Part  I.);  and,  further,  causes  all  the 
different  estimations  of  the  value  of  J  discussed  in  §§55  and 
56  (Part  III.)  to  agree  fairly  well  together,  and  to  become  on 
reduction  values  close  to  the  mean  result  of  Joule^s  friction 
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experiments,  viz.  41*555  inegalergs  (§  34),  Combining  this 
value  of  J  with  the  mean  value  of  the  "  Faraday  coeflScient " 
(the  quantity  referred  to  in  §  7,  Part  I.,  as  indicated  by  %,  but 
which  may  be  gracefully  indicated  instead  by  F  in  commemora- 
tion of  Faraday)  deduciblo  from  the  experiments  of  Koblrausch 
and  the  more  recent  ones  of  Mascart,  viz.  0001048  (§  103, 
footnote,  Part  V.),  the  end  result  is  attained  that 

JF=41-555  X  10«  X  -0001048=4355. 

Now  4355s4410  x  '9875;  so  that  whilst  the  actual  measure- 
ments of  E.M.F.  are  reduced  in  the  ratio  '9868,  those  deduced 
from  heat-valuations  must  concurrently  be  reduced  in  the 
ratio  *9875,  or  almost  exactly  to  the  same  extent.  If  J  be 
taken=41*5  X  10^,  the  reduction  ratio  becomes  '9862  instead 
of  '9875.  Hence  it  appears  that  in  order  to  reduce  to  the 
values  most  consistent  with  the  bulk  of  evidence  at  present 
extant  the  various  E.M.F.  determinations  described  in  the 
previous  portions  of  these  researches,  it  will  practically  suffice 
to  multiply  them  by  "987,  i.  e.  to  subtract  1*3  per  cent,  of 
their  value,  whether  the  figures  be  direct  determinations  of 
E.M.F.  or  deductions  from  calorimetric  experiments. 

It  may  further  be  noticed  that  when  the  value  '987  x  10* 
for  the  B.A.  unit  is  taken,  in  consequence  that  of  Clark's  cell 
becomes  '987  x  1*457  =  1*438  volt;  so  that  the  mean  value  of 
the  E.M.F.  corresponding  to  the  work  done  in  electrolysing 
water,  as  directly  determined  in  Part  II.  §  46,  becomes 
1*4808  X  10«  C.G.S.  unite,  taking  J= 41*555  x  10«  instead  of 
42  X  10*,  as  in  Part  II.  The  mean  heat- valuation  arrived  at 
§  31,  Part  I.,  from  the  resulte  of  various  experimenters  em- 
ploying the  calorimeter,  being  34100  gramme-degrees,  the 
product  34100  x  JF  becomes  34100  x  4355  =  1*4850,  which 
value  exceeds  1*4808  by  only  '29  per  cent.,  a  quantity  falling 
within  the  limite  of  probable  error  in  the  experiments  (±*32 
per  cent.).  Inasmuch  as  from  various  causes  a  slight  syste- 
matic error  of  defect  necessarily  attended  the  direct  determi- 
nations, the  final  conclusion  is  warranted  that  these  direct 
determinations  are  sensibly  in  accordance  with  the  two  propo- 
sitions, firstly  that  the  B.A.  unit  is  actually  only  '987  x  10®; 
and,  secondly,  that  Clark's  cell  has  an  E.M.F.  of  -987  x  1*457 
=  1*438  volt. 
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159.  The  experiments  described  in  §§  153  and  154  lead  to 
the  conclusion  that  a  Daniell  cell  containing  solntions  of  zinc 
and  copper  sulphate  of  equal  strengths  has  an  almost  invari- 
able E.M.F.  whatever  the  strengths  of  the  solutions  when  the 
plates  are  of  amalgamated  zinc  and  electro-copper;  but  rises 
in  E.M.F.  if  the  plates  are  either  amalgamated  zinc  and  amal- 
gamated copper^  electro-zinc  and  electro-copper,  or j  h  fortioriy 
electro-zinc  and  amalgamated  copper.  It  seemed  desirable  to 
substantiate  these  deductions  more  rigorously.  Accordingly 
two  pairs  of  solutions  of  zinc  and  copper  sulphate  were  care- 
fiilly  prepared,  such  that  one  pair  had  the  composition 
2-069  MSO4  100  H,0,  and  the  other  the  composition  -0937 
MSO4IOOH2O.  Cells  were  then  set  up  with  these  fluids, 
opposed  to  one  another,  and  series  of  readings  taken.  It  was 
found  that  the  numbers  thus  obtained  exhibited  much  greater 
divergences  and  fluctuations  than  those  similarly  obtained 
with  cells  where  the  molecular  strengths  of  the  solutions  were 
not  equal  in  each  case  respectively.  In  the  latter  case  the  cur- 
rent always  passed  in  one  direction,and  did  not  exhibit  any  veiy 
marked  alteration  in  magnitude  during  the  first  15  to  30  minutes 
after  setting  up  (during  which  period  the  observations  above 
described  were  ordinarily  made);  but  with  two  opposed  Da- 
niell  cells,  containing  pairs  of  solutions  of  the  same  strengths 
in  each  severally,  the  difierential  current  sometimes  passed  in 
one  direction  on  first  setting  up,  sometimes  in  the  opposite 
direction ;  sometimes  it  increased  in  intensity  as  time  elapsed, 
and  sometimes  it  diminished  :  in  the  latter  case  occasionally 
it  diminished  to  nil,  and  then  flowed  in  the  opposite  direction 
with  gradually  increasing  intensity.  Thus,  for  instance,  the 
following  numbers  were  obtained  in  one  set  of  observations 
where  the  density  never  exceeded  "02  microamperes  per  square 
centimetre,  and  was  usually  much  less,  so  that  ^^  polarization  " 
errors  were  eliminated  (§  150).  The  total  resistance  in  cir- 
cuit (including  galvanometer  and  cells)  was  107,400  B.A. 
units.  The  sign  +  indicates  that  the  E.M.F.  of  the  cell  con- 
taining the  stronger  solutions  was  higher  than  that  of  the 
other;  the  sign  ^  indicates  the  opposite.  Headings  were 
taken  every  minute  for  15  minutes  after  setting  up ;  the 
plates  were  then  exchanged  (after  rinsing  with  the  appropriate 
solutions),  and  another  similar  series  of  readings  taken  :   a 
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second;  and  then  a  third  exchange  was  similarlj  made^  readings 
for  15  minates  being  again  taken  in  each  case  :  the  readings 
are  translated  into  millivolts,  every  scale-division  being  eqnal^ 
in  these  experiments,  to  85*7  elassoamperes,  and  conseqaently 
representing  85-7  x  10"" +  107,400  ='00000895  volt  ^=8-96 
microvolts. 


Minutes 
after  first 
setting  up. 

Before  plates 
exchanged. 

After  first 
exchange. 

After  second 
exchange. 

After  third 

1  

2  

3  

4  

6  

6  

7  

8  

9  

10  

11  

12  

13  

14  

16  

-1-3 
-1-4 
-1-5 
-15 
-1-6 
-1-6 
-1-5 
-1-6 
-1-6 
-1-6 
-1-6 
-1-6 
-1-6 
-1-6 
-1-6 

-2-0 
-20 
-2-1 
-21 
-21 
-2-2 
-2-2 
-22 
-2-2 
-2-2 
-2-2 
-21 
-21 
-21 
-21 

4-4-6 
+3-2 
+21 
+1-3 
+  -7 
+  -4 
+  '1 

-  -3 

-  -6 

-  -7 

-  -8 

-  9 
-1-0 
-1-0 
-10 

+5-4 
+3-4 
+20 
+1-0 
+  -6 
-  -7 
-1-3 
-1-7 
-2-0 
-2-2 
-24 
-2-5 
-26 
-2-7 
-2-7 

Average... 

-1-6 

-21 

4-  -4 

-  -6 

General  average  =  —  09. 

In  precisely  the   same  way  the  following  nnm)>ers  were 
obtained  in  a  dnplicate  experiment : — 


During  Ist 
minute. 

During  8th 
minute. 

During]  5th 
minute. 


Average  of 
all  obser- 
vations. 


-1-6 


-11 

-  -4 

-  1 


-  -5 


+2-7 
+1-4 

+  -7 


+1-5 


+3-4 
+2-2 

+1-2 


+21 


(General  average 


=  +•4. 


The  mean  of  this  and  the  preceding  experiment  gives  —'25, 
an  amount  evidently  quite  negligible  in  comparison  with  the 
fluctuations  in  the  value  of  the  net  E.M.F.  in  operation  in 
the  several  series  of  observations ;  and  hence  indicating  that 
ilie  E.M.F.  of  a  cell  set  up  vnth  zinc-  and  copper-sulphcUe  solu^ 
turns  of  the  same  strength,  amalgamated  zinc  and  electro-copper, 
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is  really  independeni  of  the  solution-strength  within  the  limits 
of  observational  error. 

Using  the  same  solations  in  the  same  way  the  following 
values  were  obtained,  showing  that  the  E.M.F.  really  does 
rise  perceptibly  with  the  solutionnstrength  when  amalgamated 
copper  is  substituted  for  electro-copper,  or  when  electro-zinc 
is  substituted  for  amalgamated  zinc  : — 


Amalgamated  Zinc  and  Amalgamated  Copper. 

During  Ist 
minute. 

During  8th 

minute. 

During  15th 

minute. 

}     "'^ 
.     --8 

+15-3 
+  7-7 
+  6-2 

+91 

+1-3 

0 

4-13-0 
+  67 
4-  3-8 

Ayerag©  of 
all  olwer-  \     --7 
yations.     J 

+  9-0 

+2-7 

+  6-5 

(General  average  =  4-4*4.                             | 

Electro-zinc  and  Electro-copper. 


During  1st 
minute. 

During  8th 

minute. 

During  15th 

minute. 

1     -1-2 
}     +0-9 
1     +1-8 

+6-3 
+4-0 
4-2-9 

4-8-2 
+5-7 
4-3-4 

+7-2 
+4-4 
4-3-5 

Average  of 
all  obaer- 
yations. 

+  -3 

+4-2 

+5-6 

+4-8 

General  average  =  +3-7. 

Electro-zmc  and  Amalgamated  Copper. 


During  1st 
minute. 

During  8th 
minute. 

Duringl5th 
minute. 


Averase  of 
all  oDser- 
vatioDS. 


+5-4 


4-6-9 

+5-6 
+4-3 


+5-5 


+7-8 
4-58 
+51 


+61 


+111 
+  8-0 
+  5-8 


+  7-9 


General  average  =4-6-2. 
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Heat  developed  during  Intermixture  of  Solutions  of  Zinc 
(Copper  or  Cadmiurn)  Sulpfiates  or  Chlorides  of  different 
Strengths, 
160.  The  results  above  described  show  that  when  two  solu- 
tions of  different  strengths,  but  containing  the  same  metallic 
salt,  are  allowed  to  intermix  by  diffusion,  plates  of  the  metal 
contained  in  the  salt  immersed  in  the  two  solutions  respectively 
acquire  different  potentials,  the  potential-difference  setup  witli 
any  given  pair  of  solutions  being  to  some  extent  dependent  on 
the  surface-characters  of  the  plates  employed,  but  being,  coeteris 
paribus,  greater  the  greater  the  difference  between  the  strengths 
of  the  solutions,  the  plates  immersed  in  the  stronger  solution 
acquiring  the  higher  potential.  It  is  evident  that  if  there  is 
a  development  of  heat  during  intermixture  of  the  solutions 
used,  the  work  done  by  a  current  developed  on  connecting 
the  plates  by  a  conductor  may  reasonably  be  supposed  to  be 
done  in  virtue  of  this  heat-development,  just  as  the  work  done 
by  an  ordinary  voltaic  couple  is  done  in  virtue  of  the  heat 
developed  by  the  chemical  actions  taking  place  therein.  Ac- 
cordingly it  becomes  of  interest  to  determine  precisely  what 
amounts  of  heat  are  actually  generated  during  intermixture 
in  order  to  see  what  relationships  hold  between  the  electro- 
motive forces  actually  generated  and  those  corresponding  to 
the  heat-developments. 

The  required  ''heats  of  intermixture"  are  readily  calcu- 
lable from  the  values  representing  the  "  heats  of  dilution  " 
obtained  by  measuring  ilie  amounts  of  heat  produced  when 
solutions  of  metallic  salts  are  diluted  to  known  extents  by 
means  of  water.  If  Ai,  h^,  A3  respectively  represent  the  heats 
of  dilution  of  gramme-molecules  of  the  three  solutions  MSO4 
2aHjO,  MS04  26H,0,  and  MS04(a  +  6)H,0  to  the  same 
further  extent,  then  H,  the  heat  produced  by  mixing  a  gramme- 
molecule  of  the  first  solution  with  one  of  the  second  so  as  to 
produce  two  of  the  third,  is  given  by  the  equation 

H=Ai  +  A2~2A3. 

In  order  to  obtain  the  data  for  the  calculation  of  the  various 
values  of  H  in  the  case  of  the  solutions  examined  in  the  pre- 
ceding pages,  a  number  of  calorimetric  determinations  were 
made,  substantially  in  the  way  described  by  Julius  Thomson 
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(Thermoehemische  Untereuchungen^  i.  p.  18^  1882),  nsing  a 
caiorimeter  containing  1  litre  of  fluid  in  the  lower  compart- 
ment. The  quantity  of  salt  employed  was  usually  close  upon 
\  gramme-molecule,  the  weight  being  arranged  so  that  the 
resulting  fluid  was  of  the  strengSi  MSO4  400HsO,  or 
MCIS4OOH9O.  The  thermometers  used  were  graduated  in 
millimetres,  about  11  millimetres  representing  1°  C;  so  that 
readings  being  made  to  ±.^^  millim.,  the  thermometer-error 
was  ±jJo  of  1^  C.  As  determined  by  means  of  various 
blank  experiments  (with  water  only  intermixed),  the  limit  of 
accuracy  of  each  experiment  was  within  ±  10  gramme-degrees; 
so  that  each  observation  might  be  erroneous  within  the  limits 
of  not  exceeding  ±70  gramme-degrees  per  gramme-molecule; 
but  as  several  observations  were  usually  made  and  averaged, 
the  probable  error  of  each  average  >vas  ordinarily  within  Hh  25 
gramme-degrees.  The  following  numbers  were  ultimately 
obtained  as  means  from  upwards  of  fifty  observations,  indi- 
cating the  heat-evolution,  in  gramme-degrees  per  gramme- 
molecule,  on  diluting  wMSO^  100H,0  to  -25  MSO4  100 11,0, 
or  mMCljlOOH.O  to  •25MC1, 100H,O.  Plate  V-  fig.  6 
represents  the  values  graphically. 


Zino 

Cooper 
sulphate. 

Cadmium 

Zinc 

Cadmium 

sulphate. 

sulphate. 

chloride. 

chloride. 

«»=25 

9000 

20 

8050 

10 

>•>••• 

6100 

7 

,,.,,, 

1460 

6 

•••••• 

1076 

5 

375 

825 

4800 

100 

4 

176 

625 

4400 

3 

100 

460 

3800 

2 

60 

60 

276 

2700 

1-6 

Less  than 

Lees  than 

200 

1 

errors  of 

errors  of 

76 

1260 

•5j 

obserration.lobsenration. 

400 

161.  On  calculating  from  these  figures  the  values  of  Ai,  /*„ 
and  A|,  and  hence  those  of  H,  for  particular  cases,  it  becomes 
evident  that,  as  a  general  rule,  the  E.M.F.  corresponding  to 
the  value  of  H  falls  below  the  potential-diflerence  actually 
set  up  between  two  plates  immersed  in  solutions  of  different 
strengths,  the  difference  being  sometimes  very  considerable. 
Thus  the  following  tables  represent  the  results  thus  calculated 
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when  solntions  MS04  2aHsO  and  MS04  25HsO  are  inter* 
mixed  so  as  to  form  MS04(a+J)H2  0  when  b  =200,  and 
consequently  when  ^9=0.  The  ^'  observed  "  values  quoted  are 
those  obtained  with  electro-coated  plates  throughout,  save  in 
the  case  of  zinc  chloride,  where  amalgamated  plates  were  em« 
ployed;  all  the  electromotive  forces  are  expressed  in  millivolts. 


Zinc  Sulphate. 

2a. 

a+b. 

A,. 

2A.. 

H. 

.SnlJl'J  Observed 
J!<.M.r. 

Ezccffi. 

1 

20 

210 

376 

0 

375 

8 

1      27 

19 

25 

212-5 

175 

0 

176 

4 

22 

18 

33-3 

216-7 

100 

0 

100 

2 

17 

15 

60 

225 

50 

0 

50 

1 

13 

12 

100 

250 

0 

0 

0 

0 

8 

8 

( 

[yopper  Sulphate 

). 

60 

225 

50 

0 

60 

1 

17 

16 

100 

250 

0 

0 

0 

0 

12 

12 

200 

300 

0 

0 

0 

0 

6 

6 

Ca 

dmium  Sulpha! 

s. 

167 

206-3 

1075 

25 

1025 

28 

34 

11 

20 

210 

825 

25 

775 

17 

28 

11 

25 

212-5 

625 

25 

675 

13 

23 

10 

33-3 

216-7 

450 

25 

400 

9 

18 

9 

60 

225 

275 

25 

225 

5 

14 

9 

66-7 

233-3 

200 

25 

160 

3 

9 

6 

100 

250 

75 

20 

35 

1 

4 

3 

Zinc  Chloride. 

4 

202 

9000 

790 

8210 

181 

264 

+83 

5 

202-5 

8050 

790 

7260 

160 

225 

+66 

10 

205 

6100 

780 

5320 

118 

149 

+31 

20 

210 

4800 

760 

4040 

89 

65 

-24 

25 

212-5 

4400 

750 

3650 

80 

67 

-23 

333 

216-6 

3800 

730 

8070 

68 

52 

-16 

60 

225 

2700 

700 

2000 

44 

40 

-  4 

100 

250 

1250 

600 

660 

14 

23 

+  9 

Ca 

dmium  Chlorid 

B. 

20 

210 

100 

0 

100 

2 

32 

30 

100 

250 

0 

0 

0 

0 

14 

14 
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Analogous  results  are  obtained  when  the  calculations  are 
similarly  made  for  other  kinds  of  mixture  :  the  observed 
E.M.F.  generallj  notably  exceeds  that  calculated  from  the 
heat  of  intermixture*.  It  would  hence  seem  that  the  modus 
operandi  of  a  '^  diffdsion-oell "  is  to  some  extent  rather  analo* 
gous  to  that  of  a  thermo-couple  than  to  that  of  an  ordinary 
galvanic  element^  part  at  least  of  the  energy  gained  outside 
the  battery  being  due,  not  to  the  heat-development  during 
chemical  action  taking  place,  but  to  the  transformation  of 
sensible  heat  into  electric-current  energy.  It  is  noteworthy, 
moreover,  that  analogous  phenomena  are  presented  in  cases 
where  strong  and  weak  solutions  of  acids  (e.  g,  nitric  and  sul- 
phuric) interdiffuse,  platinum  or  other  unoxidizable  plates 
being  employed :  diffusion-cells  of  this  kind  are  now  being 
examined. 

By  uniting  together  in  series  a  sufficient  number  of  diffusion-* 
cells,  all  the  effects  of  an  ordinary  voltaic  battery  can  be  pro- 
duced, at  least  those  compatible  with  the  presence  of  a  large 
resistance  in  circuit :  electrolysis  of  metallic  solutions  (e.  g. 
copper  sulphate)  is  readily  brought  about 

Volume^aHieraiion  on  Intermixture  of  Solutions  of  Zinc,  Copper y 
and  Cadmium  Sulphates, 
162.  Although  not  directly  connected  with  the  subject  of 
electrical  measurement  of  chemical  affinity,  it  yet  seemed  of 
some  interest  to  examine  how  far  the  volume-alterations  that 
take  place  on  mixing  solutions  of  different  strengths  of  zinc 
(copper  or  cadmium)  sulphate  run  parallel  with  the  thermal 
developments  thereby  caused.  It  might  reasonably  be  anti- 
cipated that  the  much  greater  heat-evolution  taking  place  on 
dilution  of  cadmium  sulphate  as  compared  with  zinc  or  copper 
sulphate  would  be  found  to  be  concurrent  with  a  greater 
amount  of  volume-alteration.   On  examining  the  matter,  how- 

*  Since  these  experiments  were  made,  the  third  volume  of  Julius 
Thomsen's  Thermochermsche  Vntertuchungen  has  appeared;  in  this  are 
given  the  results  of  this  author's  previously  unpuhlished  experiments  on 
the  heat  of  dilution  of  solutions  of  zinc  and  copper  sulphates,  and  of  sine 
chlorides.  These  figures  do  not  materially  differ  from  those  cited  ahove ; 
and  their  use,  instead  of  those  employed  in  this  paper  makes  no  note- 
worthy difference  in  the  end  conclusion  that  the  heat  of  intermixture 
usually  represents  a  less  E.MJP.  than  that  actually  set  up  in  any  given 
case. 

VOL  VI,  K 
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ever^  this  is  not  found  to  be  the  case  ;  the  volnme-alterations 
on  dilution  through  a  given  range  being  but  little  different^ 
vrhichever  of  the  three  sulphates  be  employed^  in  every  case 
contraction*  taking  place;  even  when  the  solution  is  already 
so  far  diluted  as  not  to  cause  any  measurable  heat-evolution 
on  mixing  with  water. 

The  observations  were  made  with  a  large-bulbed  dilatometer 
holding  about  94  cubic  centim.  The  volumes  corresponding 
to  the  various  graduations  were  determined  by  introducing  a 
known  weight  of  distilled  water^  and  determining  the  level  of 
the  water  in  the  stem — first,  when  the  temperature  was  a  little 
below  18^*5;  the  instrument  being  immersed  in  a  large  vessel 
of  water  kept  agitated  ;  and  secondly,  when  the  temperature 
was  a  little  above  18°'5.  In  this  way  the  level  at  18^*5  was 
obtained  by  interpolation.  The  weight  of  the  contained  water 
(reduced  to  a  vacuum)  being  known,  the  volume  in  cubic 
centimetres  occupied  up  to  the  level  at  18^*5  was  calculated 

W 

by  the  formula  Y s=  .qqq^ao  »  where  V  is  the  volume  in  cubic 

centimetres,  W  the  weight  in  vacuo^  and  '998602  the  weight 
of  1  cubic  centimetre  in  grammes  at  18°*5  (Kopp).  By 
making  a  series  of  such  observations  a  capacity-table  was 
calculated  for  the  instrument,  expressing  the  volume  in  cubic 
centimetres  at  18°'5  for  each  graduation.  A  known  weight 
of  the  solution  to  be  diluted  was  then  introduced,  and  the  level 
at  18°'5  obtained  by  making  observations  a  little  below  and  a 
little  above  that  temperature,  so  as  ultimately  to  obtain  the 
volume  occupied  by  a  given  weight  (reduced  to  vacuum) 
of  solution.  Bepetitions  of  experiments  gave  values  accord- 
ing together  within  a  range  of  *00003  (3  milligrammes  in  94 
cubic  centim.),  and  often  within  much  less  ;  the  chief  source 
of  discrepancy  being  in  the  correction  for  reduction  to  a 
vacuum  which  was  altogether  about  100  milligrammes,  neces- 
sarily varying  with  the  temperature  and  barometric  pressure^ 
so  that  a  small  error  in  temperature  or  pressure  estimation 
made  several  milligrammes  difference  in  weight-correction. 

•  The  rough  values  obtained  in  §  106  (Part  V.)  led  to  the  conclusion 
that  on  diluting  zinc-  or  copper-sulphate  solution  with  water  an  increment 
in  volume  takes  place.  This  is  now  found  to  be  incorrect;  the  experi- 
mental errors  of  the  rough  obserrations  being  greater  than  the  volume- 
alterations  to  be  measured. 
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On  the  whole,  the  probable  error  of  the  average  of  some  three 
or  four  repetitions  of  an  observation  was  less  than  ±*00001 
(1  milh'gramme  in  94  cubic  centim.). 

A  quantity  of  the  solution  to  be  diluted  was  then  weighed 
up  in  a  stoppered  bottle  and  a  weighed  quantity  of  water 
added,  the  weighings  being  reduced  to  a  vacuum  :  the  whole 
was  thoroughly  intermixed,  and  the  weight  of  a  cubic  centi- 
metre of  the  diluted  fluid  determined  as  before  in  the  dila+o- 
meter  ;  the  contraction  was  then  calculated  by  means  of  the 
formula  W  ^n  W  +  tr 


9l 


W 


•998602         8i     ' 
where  C  is  the  contraction  in  cubic  centimetres, 
W  the  weight  (in  vacuo)  of  solution  diluted, 
w  jy  ,,  of  the  water  added  thereto, 

8i  the  weight  at  18°'5  of  1  cubic  centim.  of  the  solution 

diluted. 
92  the  weight  at  18°*5  of  1  cubic  centim.  of  the  dilute 
fluid  produced. 
The. following  numbers  will  serve  as  an  example  :— 


Tempera- 
tard. 

Dilatometer 
reading. 

Beading  at 
180-5. 

Cubic  centim. 

from  table  of 
instrument. 

Weight  of 
fluid  m 
vacuo. 

Weight  m 

tWMWoflcubic 

oentim.  at 

18°-6» 

17-0 
197 
17-0 
19-3 

6-26 
7-70 
116 
2-25 

}  705 

I  187 

94-743 
94-656 

97-671 
97-467 

103090 
1-03088 

Mean 

103089 

*  In  the  course  of  these  observations  the  following  mean  numbers 
were  obtained;  representing  the  weights  in  vacuo  at  18^*6  C.  of  1.  cubic 
centim.  of  various  solutions  MSO^  nH^  O: — 


Copper  sulphate. 

Zinc 

sulphate. 

Cadmium  sulphate. 

n=44-8    1-18725 

»«1906 

1-41699 

»« 16-81    1-59169 

75-3    111326 

19-31 

1-41073 

1807    1-52829 

109-9    1-078156 

21-33 

1-376056 

1810    1-52724 

174-9    1-049196 

823 

1-25859 

32-4      1-31286 

276-4    103089 

49-5 

117310 

49-4      1-21020 

462-7    101806 

98-8 

1-088266 

95-6      1-11082 

142-8 

1061276 

162-9      106537 

2191 

103980 

260-4      1-040795 

4221 

1020216 

424-4      1-02461 

■4660 

101817 

k2 
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This  solution  was  made  by  mixing  53*781  grammes  of 
copper-sulphate  solution  (of  which  one  cubic  centim.  was 
similarly  found  to  weigh  1-18725  gramme)  with  232*509 
grammes  of  water  (all  weights  corrected  to  yacnum),  whence 


p_  53-781      232509 _ 286-290 
1-18725  ■*"  -998602     103089  ' 


•422. 


The  solution  diluted  was  found  by  analysis*  to  contain 
16*525  per  cent,  of  anhydrous  CuSO^,  corresponding  with 
2-231 CUSO4 100  HjO ;  hence  there  was  employed  altogether 
63-781 X  -16525=8-887  grammes  of  CuSO^,  or  -0557  gramme- 
molecule  ;  so  that  the  contraction  per  gramme-molecule  was 

•422 

„---  =7-58  cubic  centim.,  the  diluted  fluid  possessing  the 

composition  •362CnS04 100 H,0. 

In  precisely  the  same  way  the  following  values  were  ob- 
tained on  diluting  2*231  CnS04  lOOHjO  to  oilier  extents:— 


Solution  ultimatdy  obtained, 
tiCaSO«100H,O. 

n=  1*328 
=  -910 
=  -572 
=  *362 
=  -216 


Contraction  in  cabic  centimetres 
per  grunme-molecnle. 

2*76 
4*40 
6*19 
7*58 
8*88 


Similarly  the  following  values  were  obtained  on  dUuHng 
5*247  ZnS04 100  H,0  to  various  extents  :— 


n=4*744 
=3*096 
=2*020 
=  1*012 
=  -700 
=  *457 
=  *237 


0*96 
4*78 
7-59 
11*23 
12-63 
14*03 
15-69 


And  the  following,  on  similarly  diluting   6*325  CdSO^ 
lOOHjO:— 

*  The  mode  of  analyos  adopted  was  to  evaporate  to  dryneas  a  weighed 
quantity  of  aolution  and  weigh  the  residual  anhydrous  salt  after  continued 
heating  to  900°-400°,  terminating  in  very  gentie  ignition  for  a  minute 
or  two  at  a  red  heat  barely  visiUe  in  the  dark. 
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iioii  ultimAtelT  obtained, 
nCuSO.lOOHjO. 

Contntction  in  cubic  centimeties 

n=6-534 

1-23 

=3-086 

5-86 

=  2-024 

8-38 

=  1-046 

11-46 

=  -614 

13-35 

=  -384 

14-98 

=  -235 

15-81 

On  graphical  representation  on  a  large  scale  and  interpo- 
lation^ the  following  values  are  deduced  as  the  amounts  of 
contraction  taking  place  on  diluting  to  the  strengths  '25MS04 
100  H,  0  solutions  of  strength  nMSO*  100  H,  0:— 


Zino 
sulphate. 

sulphate. 

Cadmium 
sulphate. 

ll:=-26 

•6 
10 
1-6 
20 
2-26 
80 
40 
60 
6-6 

0 

1-8 

4-26 

6-86 

80 

806 

10-8 

1206 

1606 

160 

0 

1-86 

4-6 

6-4 

7-95 

8-66 

0 

1-76 
40 
5-95 
7-4 
7-96 
9-95 
11-96 
1376 
14-6 

The  curves  marked  respectively  1,  2,  and  3  (PI.  V.  fig.  7) 
represent  these  values.  It  is  evident  that  the  contraction  with 
cadmium  solutions  is  always  less  than  that  with  zinc-  or  copper- 
sulphate  solutions^  instead  of  greater,  as  might  have  been 
h  priori  anticipated  from  the  greater  heat  of  dilution.  The  dif- 
ference, however,  is  in  no  case  very  great ;  whilst  with  zino 
and  copper  solutions  the  curves  almost  coincide. 

163.  From  these  values  the  amounts  of  contraction  on  in- 
termixture of  gramme-molecules  of  two  solutions  of  any  one 
of  the  three  salts  differing  in  strength  are  readily  calculable 
by  the  formula 

C=ci  +  C2— 2(Jt, 

parallel  with  the  analogous  equation  for  heats  of  intermixture 
(§  160) ;  where  C  is  the  contraction  on  intermixture,  and  Ci, 
Ci,  and  Ci  respectively  the  contractions  on  dilution  to  the  same 
ultimate  limit  of  the  solutions  MS04  2aH,0,  MS04  26H,0, 
and  MS04(a+&)HsO  ;  and  more  generally  still  the  contract 
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tions  are  calculable  that  ensne  when  any  two  solutions  of 
any  pair  of  the  three  salts  are  intermixed.  Thus^  when  A 
gramme-molecules  of  MSO4  ^Hj  0  and  B  gramme-molecules 
of  M^S04  nHjO  are  intermixed^  the  resulting  mixture  is 

{M}s0.i^H.O. 

If^  then^  a  be  contraction  per  gramme-molecule  on  diluting 
the  first  solution  to  the  strength  of  the  mixture^  and  h  be  the 
(negative)  contraction  ensuing  on  (negatively)  diluting  the 
second  solution  to  the  same  strength^  the  total  contraction  on 
intermixture  is  Aa+Bi^  and  the  contraction  per  gramme* 

molecule  of  the  two  salts  used  jointly  is     >      ^  '    A  number 

of  experiments  were  made  which  showed  that  the  actual  con- 
traction observed  was  sensibly  identical  (within  experimental 
error  limits)  with  that  calculated  in  this  way,  the  values  of  a 
and  b  being  deduced  from  the  above  table  by  interpolation. 
Thus  the  following  values  were  obtained: — 


Different  Solutions  of  the  same  Salt  mixed. 

Stronger  aolution 

Weaker  solution  

Obeeryed  contraction 
OalenUted     •  ,, 

OuSO^    47H.O 
OuSO^  163  H^O 

1-12 

113 

ZnSO,    1»3H,0 
ZnS04  148    H^O 

3-84 

8-83 

CdSO.    16-81 ELO 
OdSO^  171      HjO 

4-88 

4*66 

Difference   

+  -01 

-  -01. 

-  -22 

Solutions  of  different  Salts  used. 


Stronger  solution 

ZnSO^      19-3  H3O 
CuSO^  163    H,0 

4  37 

4-23 

CuSOj    47ILO 
ZnS04  148  H,0 

•92 

•99 

Obeerred  contraction  ... 
Calculated        ,, 

Difference    

--14 

+  07 

CdSO,    16-81  HjO 
CuSO-  163      HaO 

4-39 

4-36 

CdSO^    16-81  HjO 
ZnSO^  148      HP 

419 

411 

ZnSO.     19  3HO 
OdSO^  171    H,0 

4-41 

442 

-03 

-  -08 

+  -01 

Since  but  little  difference  exists  between  the  contractions 
on  dilution  through  given  ranges^  whether  zinC|  copper^  or 
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cadmium  salphaie  be  employed^  it  results  that  the  amounts  of 
contraction  on  intermixture  when  two  different  solutions  of 
the  same  salt  are  mixed  will  not  differ  greatly  whichever  of 
the  three  salts  be  employed.  It  would  hence  seem  that  there 
is  a  much  closer  connexion  between  the  amount  of  contraction 
taking  place  on  intermixture,  and  the  potential  difference 
thereby  developed^  than  there  is  between  either  of  these  values 
and  the  heat-evolution  simultaneously  taking  place.  For 
varying  solution-strengths,  the  first  two  values  alter  fairly 
concurrently  and  to  extents  not  widely  different,  whether  zinc, 
copper,  or  cadmium  sulphate  be  used.  But  this  is  by  no 
means  the  case  with  the  heat-values,  the  cadmium  value 
largely  exceeding  the  corresponding  zinc  and  copper  values, 
which  latter  two  are  substantially  identical. 


IX.   On  an  Integrating  Anemometer. 

By  Walteb  Baily,  M.A.* 

[Plates  VL  &  VII.] 

On  June  10th,  1882,  I  communicated  to  the  Society  a 
design  for  an  integrating  anemometer,  and  exhibited  a 
working  model  t-  I  have  now  to  describe  the  instrument 
itself,  which  I  have  had  made  by  Messrs.  Elliott,  with  the 
assistance  of  a  grant  from  the  Royal  Society.  The  mecha- 
nical part  of  the  instrument  is  seen  in  perspective  in  Plate  VI. 
fig.  1.  The  base  is  of  iron,  and  the  rest  of  the  instrument  is 
chiefly  of  brass.  On  the  base  stand  four  columns  C,  of  which 
only  two  are  shown  in  fig.  1.  These  hold  a  table  0,  of  which 
fig.  2  gives  a  view  as  seen  from  above.  The  tops  of  the 
columns  C  are  seen  in  fig.  2.  The  table  supports  four  columns, 
D,  of  which  only  two  are  shown  in  fig.  1,  and  of  all  of  which 
the  positions  are  shown  in  fig.  2.  The  pillars  D  hold  the  sup- 
ports of  a  spindle  A,  fig.  J,  which  is  to  be  connected  with  a 
vane.  There  is  another  spindle,  B,  which  is  to  be  connected 
with  Bobinson's  cups,  and  which  turns,  by  means  of  cogs,  the 
large  horizontal  disk  X,  so  that  X  will  revolve  with  a  velocity 
which  may  be  taken  as  proportional  to  that  of  the  wind.     The 

*  Read  JDecember  8, 1883. 

t  PhiL  Mag.  Sept.  1882  j  Phys.  Soc.  Proc.  vol.  v.  p.  157. 
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spindle  A  carries  a  horizontal  bar  G,  which  is  to  be  kept  by  the 
vane  in  the  direction  of  the  wind,  and  which,  by  means  of  a 
forked  end,  holds  a  vertical  pin  rising  from  the  centre  of  the 
bar  F.  This  bar  is  pivoted  at  E  to  the  centres  of  two  trucks  H, 
each  of  which  mns  by  means  of  five  wheels  U  between  tram- 
lines M  placed  so  as  to  form  a  cross  with  the  arms  directed 
towards  the  cardinal  points  (compare  figs.  1  and  2).  The 
centre  of  the  cross  is  vertically  over  the  centre  of  the  disk  X. 
Centrally  between  the  tram-lines  M  are  slits  S  through  the 
table  0.  The  object  in  having  five  wheels  U  placed  as  shown 
in  fig.  1  (see  also  fig.  3)  is  to  enable  each  wheel  of  the  truck  H 
to  pass  over  the  slits  S,  and  yet  always  to  keep  the  pivot  E 
well  within  the  base  formed  by  the  remaining  four  wheels,  so 
that  it  may  be  perfectly  steady.  On  the  underside  of  the 
table  0  are  similar  tram-lines,  N;  and  trucks  K  run  in  these 
tram-lines,  each  on  five  wheels,  Y.  Fig.  3  shows  one  of  these 
trucks  seen  from  below,  with  portions  of  the  tram-lines  N. 

Fig.  4  is  an.  elevation  showing  an  end  view  of  the  trucks 
H  and  K,  with  a  portion  of  a  section  of  the  table  0  across  a 
slit  S-  Two  rods,  T,  of  which  the  ends  are  shown  in  fig.  3, 
and  of  one  of  which  a  side  view  is  shown  in  iig.  4,  are  rigidly 
connected  with  H  and  pass  through  the  slit  S  and  through 
holes  in  K.  Spiral  springs  surrounding  the  rods  T  and  rest- 
ing on  the  heads  of  the  rods  press  K  upwards,  and  make  it 
keep  its  position  exactly  and  firmly  under  H.  Each  truck,  K, 
carries  firmly  fastened  to  it  two  pieces  of  brass,  L  (see  figs.  1, 
3,  4);  and  between  these  pieces  is  pivoted  a  bar  with  arms  J, 
and  between  these  arms  is  pivoted  a  wheel  W,  which  is  carried 
in  a  vertical  position  also  at  right  angles  to  the  slit  through 
which  T  passes.  A  rod  I  connected  with  K  is  surrounded  by 
JEi  spiral  spring  which  presses  on  J,  and  so  keeps  a  steady 
pressure  between  the  wheel  W  and  the  disk  X.  The  pivots 
of  J  and  W  are  so  placed  that,  when  W  touches  X,  these 
pivots  all  lie  in  one  horizontal  plane,  and  the  point  of  contact 
of  W  with  X  is  vertically  below  the  centre  of  the  pivot  B 
(figs.  1,2). 

Now  suppose  the  wind  to  lie  between  North  and  East,  and 
the  direction  from  which  it  blows  to  make  an  angle  0  with 
North.  Let  fl  be  the  velocity  of  the  wind.  Then  the  resolved 
parts  of  the  wind  towards  North  and  East  will  be  fi  cos  0  and 
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li  Sin  ^  respectively.     But  if  S  be  the  length  of  the  bar  F 

(fig.  2)  measured  between  the  centres  of  its  pivots  E,  it  is 

easily  seen^  from  the  diagram  in  the  margin^  that  the  distances 

of  the  wheels  W  from  the  centre 

of  the  disk  X  (fig.  1)  are  S  cos  0 

and  S  sin  0  towards  the  North  and 

East    respectively.       Now    the 

speeds  of  the  wheels  W  are  pro- 
portional to  the  speed  of  the  disk 

X  on  which  they  roll  multiplied 

by  these  distances^  and  the  speed 

of  the  disk  X  is  proportional  to 

the    velocity    il   of   the    wind. 

Hence  the  speeds  of  the  wheels 

W  are  proportional  to  BcoB0.il 

and  S  sin  0.il  respectively ;  that 

iS;  they  are  proportional  to  A  cos  ^  and  Asin^^  which  are  the 
resolved  parts  of  the  velocity  of  the  wind. 

If,  now,  we  were  to  add  a  mechanical  counter  to  each  of  the 
wheels  W,  the  increase  of  the  readings  of  these  counters  would 
give  the  integral  of  the  resolved  parts  of  the  wind  towards  the 
North  and  East ;  and  inasmuch  as  the  wheels  W  revolve  in  the 
contrary  direction  when  they  have  passed  across  the  centre  of 
the  disk  X,  South  winds  would  act  on  the  counters  as  nega- 
tive North,  and  West  winds  as  negative  East.  Two  counters 
would  be  snfiicient,  as  a  preponderance  of  South  wind  would 
be  indicated  by  a  decrease  in  the  reading  of  the  North  counter, 
and  a  preponderance  of  West  wind  by  a  decrease  in  that  of 
the  East  counter. 

It  was  found,  however,  much  more  convenient  to  make 
each  wheel  W  complete  an  electric  circuit  at  each  revolution, 
and  to  use  an  electric  counter;  but  inasmuch  as  such  a  counter 
will  not  distinguish  in  which  direction  the  wheel  is  turning, 
it  was  necessary  to  have  separate  counters  for  North  and 
South,  and  to  shunt  the  circuit  from  one  counter  to  the  other 
as  the  wheel  W  crossed  the  centre  of  the  disk  X;  and  to  make 
a  similar  arrangement  for  East  and  West. 

I  will  now  describe  the  electric  system  adopted: — Parallel 
with  the  tram-lines  M  (fig.  2)  are  insulated  rails  B,  one  of 
which  is  seen  in  section  in  fig.  4.     Each  rail;  B,  is  connected 
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by  an  insulated  wire  with  an  insulated  binding-screw  a.  Each 
truck,  H^  bears  a  thin  insulated  plate  of  brass,  P;  seen  in  face 
in  fig.  2  and  edgeways  in  fig.  3;  and  each  end  of  the  plate  P 
carries  a  small  wheel,  Q.  At  any  moment,  except  when  the 
truck  is  passing  the  centre  of  the  cross,  one  of  the  wheels 
Q  rests  on  a  rail  B,  and  the  other  is  in  the  air.  This  is 
clearly  seen  in  fig.  4.  At  the  moment  when  one  of  the 
trucks  H  (say  the  North  and  South  one)  passes,  say,  from 
North  to  South  across  the  centre,  the  wheel  Q  on  the  North 
rail  R  runs  off  it,  and  the  other  wheel  Q  runs  on  to  the  South 
rail  E,  so  that  the  plate  P  of  the  truck  is  always  in  electrical 
connexion  with  the  binding-screw  a  belonging  to  the  cardinal 
point  towards  which  the  truck  lies.  The  rails  R  have  for  their 
upper  edge  a  thin  rail  of  platinum.  This  was  added  to  the 
broad  rail  of  brass,  as  it  was  found  that  points  of  dust  or  corro- 
sion sometimes  made  accidental  breaks  in  the  electrical  contact 
between  B  and  Q.  In  the  truck  K  which  runs  below  H  are 
two  parallel  tongues  Y,  Z,  very  near  one  another  (see  fig.  3, 
in  which  the  full  length  of  Y  is  seen,  but  only  the  end  of  Z). 
Both  are  fixed  to  J ;  but  Z  is  also  insulated  from  J,  and  is  con- 
nected by  an  insulated  wire,  which  passes  through  the  slit  S 
(fig.  4)  and  through  a  bole  in  H,  with  the  insulated  plate  P. 
The  tongue  Y  is  electrically  connected  with  K,  and  so  through 
yarious  points  of  contact  with  the  table  O.  There  is  a  pro- 
jection from  the  axle  of  the  wheel  W  (fig.  3),  which  once  in 
every  turn  of  the  wheel  pushes  against  the  tongue  Y  and 
brings  it  into  contact  with  the  tongue  Z.  On  the  table  O 
(fig.  2)  is  another  binding-screw  />,  which  is  not  insulated. 
Now  suppose  a  truck  H  to  be  upon  the  North  arm  of  the 
cross.  Its  tongue  Z  is  in  electric  connexion  with  the  North 
binding-screw  o-,  and  the  whole  of  that  part  of  the  system 
is  insulated  from  the  table  0.  Every  time  the  wheel  W 
turns  round,  contact  is  made  between  Y  and  Z;  and  the 
effect  is  that  the  North  a  is  put  into  electrical  connexion 
with  the  table  0,  and  therefore  with  the  binding-screw  p.  The 
general  electrical  system  is  shown  in  Plate  VII.,  which  gives  a 
front  view  of  the  box  of  counters,  and  a  diagram  of  the  anemo- 
meter, batteries,  and  wires.  The  box  contains  four  counters 
lettered  according  to  the  cardinal  points,  and  from  the  binding- 
screws  on  one  side  (the  right  in  the  figure)  insulated  wires 
pass  to  the  corresponding  insulated  binding-screws  <r  on  the 


Digiti 


zed  by  Google 


INTBGBATING  AKEHOMETEB.  119 

anemometer.  From  the  binding-screws  on  the  other  side  of 
the  box  of  coonters  insalated  wires  also  proceed.  The  North 
and  South  wires  are  connected  with  one  pole  of  a  battery^  and 
the  East  and  West  wires  are  connected  with  the  same  pole  of 
a  similar  battery.  The  other  poles  of  the  batteries  are  con- 
nected by  a  wire  which  returns  to  the  anemometer  to  the  un* 
insulated  binding-screw  p.  If  more  convenient^  the  return 
wire  may  of  course  be  omitted;  and  the  batteries  and  anemo- 
meter be  connected  to  earth. 

Let  us  now  suppose  the  wind  is  blowing  from  about  North- 
east. The  trucks  H,  K  are  now  on  the  North  and  East  arms 
of  the  cross.  The  circuit  through  the  South  counter  is  complete 
from  the  tongue  Y  through  the  table  0^  the  return  wire^  the 
South  counter^  and  then  to  the  South  binding-screw  c  and 
South  insulated  rail  B;  but  there  it  stops^  and  no  current  can 
therefore  pass  through  the  South  counter.  The  west  circuit 
is  stopped  in  a  similar  manner.  But  in  the  case  of  the  other 
circuits^  the  insulated  rail  B  is  in  contact  with  the  wheel  Q, 
and  so  through  P  the  circuit  is  carried  on  as  far  as  the 
tongue  Z.  Hence  in  the  circuits  through  the  North  and  East 
counters  a  current  passes  whenever  the  corresponding  tongues 
Y  and  Z  are  pressed  together^  and  the  corresponding  counter 
marks  cm. 

To  determine  the  value  of  the  readings  of  the  counters,  we 
may  resort  to  measurements  of  the  instrument  or  to  direct 
experiment.  If  we  place  one  truck  at  its  furthest  distance 
from  the  centre  and  rotate  the  spindle  B  a  certain  number 
of  times,  and  then  note  the  increase  in  the  reading  of  the 
corresponding  counter,  there  will  be  found  a  constant  ratio  Ic 
between  them,  so  that  an  increase  of  n  on  the  counter  denotes 
ha  revolutions  of  B. 

Letting  8,  as  before,  be  the  length  of  the  bar  F  between  its 
points  E  (fig.  2),  8  is  the  greatest  distance  which  the  wheel 
W  can  go  from  the  centre.     Put  c  for  the  radius  of  W,  ?  for 
the  number  of  cogs  on  the  edge  of  the  disk  X,  and  17  for 
the  number  of  cogs  on  the  spindle  B ;  we  have 
Speed  of  X  :  speed  of  B  =17 :  {^, 
„        W:      „        X=S :  €, 
„         W:       „         B=:&7:€C=1:*, 

which  gives  us  *=  k^. 
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If  we  place  the  arm  G  in  any  oiher  position  and  tarn  the 
spindle  B  for  some  time,  and  then  read  p  and  q  as  the  increase 
in  the  readings  of  the  coiinters  of  the  adjacent  cardinal  points^ 
the  resultant  reading  for  magnitnde  is  \/p^-^q*y  and  the 
number  of  revolutions  of  B  will  be  ix/pM^,  where  k  has  the 
same  value  as  before.  The  direction  of  the  bar  Q  may  be 
determined  by  taking  0  as  the  angle  between  the  bar  and  the 
cardinal  point  to  which  p  relates.     Then 

p :  j=cos^:  sin^; 
whence 

tan5=f, 
9 
Of  course  if  B  is  rotated  a  certain  number  of  times  (say  500), 
the  value  of  \/j>*  +  j'  must  be  the  same  in  whatever  position 
G  has  been  fixed  throughout  the  experiment. 

Bj  repeating  this  experiment  with  different  positions  of  G, 
we  get  a  means  of  testing  the  amount  of  error  to  which  the 
instrument  is  liable. 

When  the  anemometer  is  connected  with  a  vane  and  with 
Robinson's  cups,  let  us  suppose  the  wind  to  remain  in  one 
direction  for  some  time;  or,  if  that  cannot  be  secured,  let  us 
either  tie  up  the  vane,  or  disconnect  it  from  the  spindle  A 
and  fasten  the  spindle.  Let  I  revolutions  of  the  cups  indicate 
one  mile  of  wind,  and  m  revolutions  of  the  cups  give  one  revo- 
lution of  the  spindle  B.  Let  p  and  q  be  the  readings  of  the 
counters,  then  the  miles  of  wind  indicated  will  be 

In  ordinary  use  the  bar  G  will  be  shifted  about  in  all  direc- 
tions by  the  wind,  and  we  may  have  an  increase  in  the  read- 
ings of  all  the  counters;  let  these  be  represented  by  n,  «,  e, 
to  for  North,  South,  East,  and  West  respectively;  then  the 
resultant  transfer  of  air  during  the  interval  since  the  last 
reading  will  be 

and  its  direction  measured  from  North  towards  East  will  be 
given  by  the  equation 
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'X^  Ona  Modified  Resistance-Balance. 
^y  Professor  Silvanus  P.  Thoicpson,  B.A.,  D.Sc.* 
[Plate  Vin.J 

Several  forms  of  Besistance-Balance  modified  for  the  pur- 
pose of  facilitating  the  accurate  measurement  of  small  resist- 
ances  or  small   differences  of  resistance  are  known.     The 
modification  due  to  Prof.  Fleeming  Jenkinf,  and  the  Double- 
bridge  of  Sir  W.  Thomson  J  are  perhaps  the  earliest  and 
least-known  of  these.     Kirchhoff's  arrangement^  as  further 
modified  bj  Matthiessen^   is  well   known  under  the  name 
of  the  "  divided-metre  "  bridge.     The  method  of  using  this 
form  of  balance  suggested  by  Professor  G.  Carey  Foster  §,  in 
which  the  difference  between  two  nearly  equal  resistances  is 
expressed  directly  in  terms  of  a  length  of  a  graduated  wire 
whose  resistance  is  very  accurately  known,  is  so  extremely 
reliable,  that  probably  no  one  who  once  adopts  this  method  of 
testing  resistances  will  ever  go  back  to  the  cruder  and  less 
accurate  methods.    The  essence  of  the  method  lies  in  arranging 
the  coil  whose  resistance  is  to  be  measured  and  the  standard 
coil  to  which  it  approximates  in  series  with  the  graduated 
wire,  in  such  a  manner  that  the  positions  of  the  two  coils  can 
be  interchanged.     The  points  of  the  wire  at  which  the  poten- 
tial is  the  mean  between  the  potentials  at  the  two  ends  of 
the  series  having  been  determined,  both  before  and  after  the 
interchange,  the  resistance  of  the  length  between  these  two 
points  is  the  desired  difference.     A  special  modification  of 
the  balance  for  facilitating  Foster's  method  was  described  to 
the  Physical  Society  in  Dec.  1879  by  Dr.  J.  A.  Fleming  ||| 
and  has  been  since  then  systematically  used  in  the  Cavendish 
Laboratory  by  the  Committee  on  Electrical   Standards  for 
the  comparison  of  standard  coils*     Although  extremely  con- 
venient. Dr.  Fleming's  Balance  appears  to  me  to  be  open 
to  several  objections.     In  the  first  place,  the  interchange  of 

•  Bead  February  23, 1884. 
t  Report  of  Committee  on  Electrical  Standards. 
X  Proc.  Roy.  Soc  vol.  xi.  p.  813  (1861). 
S  Proc.  Soc.  Telegr.  Engin.  vol.  i.  pt  2,  p.  196  (1872). 
II  Proc  Phys.  Soc.  vol.  iii.  p.  174 ;  Phil.  Mag.  eer.  4,  vol.  ix.  p.  109 
(1880) ;  Telegr.  Journal,  vol  viii.  p.  3  (1880). 
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the  two  coils^  though  mach  more  easily  accomplished  than  in 
the  older  divided-metre  form,  is  effected  by  lifting  the  termi- 
nals of  each  coil  out  of  one  of  two  pairs  of  mercory-cnps,  and 
removing  them  to  the  other  pair.  This  operation  is  not 
convenient  in  certain  cases,  as,  for  example,  when  the  resist- 
ance is  being  taken  of  a  wire  heated  in  an  oil-bath  to  various 
successive  temperatures,  or  when  some  contact-resistance  is 
to  be  measured  which  must  on  no  account  be  shaken.  Again, 
in  Fleming's  Balance  the  graduated  wire  is  bent  into  a  circle 
and  laid  in  a  groove,  contact  being  made  by  a  trigger  attached 
to  an  arm,  pivoted  at  the  centre  of  the  circular  wire.  This 
arrangement,  though  I  have  heard  no  complaint  of  its 
practical  efficiency,  is  open  to  two  objections.  It  must  be 
much  more  difficult  to  lay  the  wire  with  an  even  stress  at  all 
points  than  is  the  case  with  a  straight  wire  stretched  between 
two  points.  The  range  of  resistances  measurable  by  this 
bridge  is  limited  to  something  less  than  the  actual  resistance 
of  the  graduated  wire.  Lastly,  a  circular  scale  having  about 
300^  divided  into  1000  parts  is  not  so  easily  obtained  as  a 
straight  metre-scale. 

I  have  therefore  designed  a  form  of  resistance-balance 
which  meets  the  desiderata.  It  consists  of  two  parts — ^a 
divided  wire  or  rheocord,  and  an  arrangement  of  mercury- 
cups,  connecting-pieces,  and  terminals  to  be  attached  at  the 
back  of  the  rheocord  part.  The  figure  1,  Plate  VIII.,  shows 
the  general  arrangement  of  these  two  parts ;  the  connexions 
between  the  two  parts  being  made  by  strips  of  copper  3  millim. 
thick,  secured  under  clamping-screws.  X  is  the  coil  whose 
resistance  is  to  be  measured,  and  S  the  standard  coil.  The 
terminals  of  each  of  these  coils  dip  into  two  large  mercury- 
cups  turned  in  solid  copper ;  these  are  shown  half  size  in  fig. 
2,  and  are  marked  m  n  and  trJ  n'  respectively.  Between 
these  cups  lie  four  parallel  bars  of  solid  copper  aa!^  bU,  ecf^ 
and  d  d!j  the  ends  of  which  terminate  also  in  mercury-cups. 
The  bars  a  a!  and  b  V  communicate  by  stout  copper  con- 
nexions with  the  two  ends  of  the  rheocord  part.  The  other 
two  bars  communicate  with  the  battery  terminals  and  with 
the  terminals  for  the  tv^'o  balanced  coils  A  and  B.  In  all 
accurate  tests  these  coils  should  be  approximately  equal  to 
the  X  or  S,  and  should  be  very  nearly  equal  to  one  another. 
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As  they  are  not  required  to  be  interchanged,  they  are  simply 
clamped  with  copper  connexions  nnder  flat-headed  terminal 
screws.  Short  stont  pieces  of  copper^  amalgamated  at  the 
ends^  serve  to  connect  the  mercnry-cnps  as  shown  in  fig. 
1,  m  being  connected  with  a,  n  with  d,  ntl  with  Vj  and  n' 
with  d .  The  connexions  being  thus  made,  an  observation 
is  taken,  and  the  distance  x  along  the  scale  of  the  point  of 
contact  with  the  galvanometer-circnit  is  recorded.  Then  the 
connexions  are  altered,  m  being  placed  in  communication 
with  5,  n  with  c,  vJ  with  al ^  and  vl  -with  dl .  This  has  the 
same  effect  as  if  X  and  S  were  bodily  interchanged ;  and 
without  lifting  either  of  those  coils  as  in  Floming^s  instrument. 
Balance  having  been  once  more  obtained,  and  a  new  reading 
a/  of  the  scale  having  been  taken,  the  length  x^afj  multiplied 
by  the  resistance  per  centim.  of  the  divided  wire^  is  equal  to 
the  actual  difference  between  X  and  S. 

The  switch-board  part  is  made  of  such  dimensions  that  it 
can  be  attached  on  to  any  of  the  ordinary  pattern  of  metre- 
bridges.  The  ordinary  metre-balance  is,  however,  limited  in 
its  application,  so  far  as  Foster^s  method  of  comparison  is 
concerned,  to  the  comparison  of  resistances  whidb  do  not 
differ  by  a  greater  amount  from  one  another  than  the  actual 
resistance  of  the  wire  of  the  rheocord  part.  To  facilitate 
the  comparison  of  coils  of  high  resistance  whose  resistances 
differ  by  several  ohms,  I  have  adopted  the  following  arrange- 
ment of  the  rheocord  part.  Two  wires  are  selected,  each 
two  metres  long,  one  having  a  resistance  of  about  a  quarter 
of  an  ohm,  the  other  from  eight  to  ten  ohms.  They  are 
stretched  parallel  upon  a  board  213  centim.  in  length, 
provided  with  a  two-metre  scale,  which  should  be  divided 
into  millimetres.  Either  of  these  wires  can  be  used  at  will, 
connexion  being  made  to  either  at  one  end  of  the  bridge  by 
a  stout  copper  link  dipping  into  mercury-cups  drilled  in  the 
wood  and  lined  with  copper.  Stout  copper  rods  of  about  1 
square  centim.  section  lead  from  the  ends  of  the  stretched 
wires  to  the  screws,  by  which  the  switch-board  part  is  con- 
nected with  the  rheocord  part.  The  galvanometer-contact 
is  made  by  means  of  a  sliding  key  shown  separately  in  fig.  8, 
which  is  provided  with  a  vernier,  and  which  by  a  simple 
arrangement  can  be  set  so  as  to  make  the  contact  with  either 
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the  thick  or  the  thin  wire^  as  may  be  desired.  In  the  instra- 
ment  exhibited  to  the  Society  the  stout  wire  is  of  german- 
silver  2*1  millim.  in  diameter^  and  of  0*2385  ohm  resistance* 
The  thin  wire  is  of  silver-platinum  alloy;  its  diameter  is  0*33 
millim.,  and  its  resistance  8*21  ohms.  The  form  of  slider 
adopted  is  a  much  more  well-conditioned  arrangement  than 
the  usual  heavy  medal  sliding  key  standing  on  three  legs, 
and  is  more  convenient  in  practice.  The  greater  length  of 
rheocord;  though  it  renders  the  instrument  less  portable, 
increases  the  range  of  the  instrument  without  affecting  its 
sensitiveness. 


XL  On  Eutexia.    By  Fbedbbick  Guthbib*. 

VII. 

Intboduction. — ^Although  this  memoir  does  not  treat  directly 
of  the  relationship  between  water  and  salts,  the  subject  is  so 
analogous  with  that  examined  in  my  memoirs  on  ^^Salt- 
Solutions  and  Attached  Water/'  that  I  have  numbered  the 
paragraphs  in  sequence  with  those  of  memoir  YI.  on  that 
subject  (Proc.  Physical  Society,  vol.  ii.  p.  291). 

The  main  argument  of  the  present  communication  hinges 
upon  the  existence  of  compound  bodies,  whose  chief  charac- 
teristic is  the  lowness  of  their  temperatures  of  fusion.  This 
property  of  the  bodies  may  be  called  Eutexia  t,  the  bodies 
possessing  it  eutectic  bodies  or  eutectics  (cS  rrjKew).  It  is 
at  once  apparent  that  the  cryohydrates  are  essentially  eutectic. 
It  will,  however,  perhaps  be  better  to  make  the  term  more 
useful  by  limiting  its  application.  I  shall  use  it,  and  I  should 
like  it  to  be  used  by  olliers,  for  bodies  made  up  of  two  or  more 
constituents,  which  constituents  are  in  such  proportion  to  one 
another  as  to  give  to  the  resultant  compound  body  a  minimum 
temperature  of  liquefaction — that  is,  a  lower  temperature  of 
liquefaction  than  iliat  given  by  any  other  proportion.  Here, 
again,  the  cryohydrates  completely  satisfy  the  definition. 
But  it  will  be  shown  that  they  constitute  only  one  term  of 

•  Read  May  24, 1884. 

t  Used  in  veiy  much  this  sense  by  Aristotle.  I  should  have  preferred 
the  woid  hypolyldc ;  but  I  am  instructed  that,  althou'gh  sanctioned  by  its 
use  in  Chemistry,  this  employment  of  \m6  is  not  strictly  admissible. 
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a  series  ;  that  their  melting  or  liqnefaciion  is  quite  continuous 
with  the  so-called  fusion  of  mixed  metals  or  salts  ;  and  that 
the  eutectic  allojrs  of  metalsi  many  of  which  have  been  long 
imperfectlj  known,  and  the  eutectic  alloys  of  salts,  which  I 
shall  describe  (§§  207-229),  are  the  perfect  homologues  of  the 
cryohydrates.  Let  me,  in  a  word,  invite  my  readers,  while 
looking  upon  water  as  fused  ice,  to  trace  the  analogy  between 
the  behaviour  towards  solids  of  water  on  the  one  hand,  and 
some  other  fused  substance  on  the  other. 

Eutectic  Metallic  Alloys. 

§  195.  Metals  mix  with  one  another  in  various  proportions 
forming  Alloys,  many  of  which  are  in  extensive  use  in  the 
arts.  Amongst  the  most  instructive  aspects  of  alloys  is  cer- 
tainly that  which  results  from  a  comparison  of  the  properties 
of  the  alloy  with  those  of  its  constituents.  And,  further  to 
specialize,  the  discussion  of  the  relation  between  the  tempera- 
ture of  fusion  of  the  mixed  metal  and  the  temperatures  of  fusion 
of  its  elements  forms  a  chapter  of  the  highest  significance. 

§  196.  In  studying  this  chapter,  I  employ  Bismuth  as  one 
of  the  elements  on  account  of  its  low  melting-point,  and 
because  it  can  be  got  very  pure.  Fused  bismuth  will  be  the 
homologue  of  the  water  or  fused  ice  of  my  previous  memoirs, 
and  the  metal  with  which  it  forms  alloys  will  be  the  homologue 
of  the  salt.  The  bismuth  used  in  the  following  experiments 
melted  at  263°  C. 

§  197.  Bismuth  and  Zinc. — It  has  been  asserted  that  when 
bismuth  and  zinc' are  melted  together  two  alloys  are  formed 
which  do  not  mix,  the  upper  being  an  alloy  of  2*4  bismuth 
and  97'6  zinc,  and  the  lower  of  from  8*6  to  14*3  bismuth  and 
from  91*4  to  85*7  zinc  (see  §  206).  Such  a  condition  and 
such  a  ratio  may  accidentally  exist ;  but  is  only  occasional. 
Let  bismuth  be  fused  and  heated  to  about  350°,  and  let  as 
much  melted  zinc  be  added  in  small  quantities  at  a  time  as 
the  bismuth  will  form  a  liquid  alloy  with  at  about  that  tem- 
perature. Let  now  the  temperature  be  watched  until  it  has 
sunk  to  about  250°.  The  liquid  is  run  oflT  and  a  little  bismuth 
is  added  to  the  contents  of  the  crucible,  which  is  heated  until 
fusion  ensues,  and  a  second  amount  of  liquid  at  250°  is  again 
obtained.     This  and  the  qutmtity  obttiined  by  the  first  process 
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are  melted  together  and  allowed  to  cool  gradaally.  The 
temperature  sinks  almost  immediately  to  248^,  and  remains 
constant  at  that  temperature.  The  alloy  maintains  the  same 
temperature  to  the  very  last,  and  is  the  eutectic  alloy  of  these 
metals.     It  showed  on  analysis  : — 


Melting 
Percent,  temperature. 

Bi     .    .     .    .    92-85) 

Zn    .    .     .    .      715/ 


248° 


Of  course  this  eutectic  alloy  is  now  to  be  made  by  melting 
the  metals  together  in  the  above  ratio  ;  but  on  account  of  the 
oxidation  of  the  zinc  at  about  its  melting-point,  it  is  better 
to  provide  a  little  excess  of  that  metal  and  to  remove  the 
excess  by  the  above  method. 

§  198.  Bismuth  and  Tin. — In  forming  the  eutectic  alloy 
of  these,  the  bismuth  need  be  only  just  fused.  A  roll  of  tin 
foil  is  stirred  into  the  bismuth,  and  in  spite  of  the  cooling 
effect,  the  alloy  which  is  formed  remains  liquid.  When  the 
temperature  reaches  about  150°,  the  roll  of  tin  is  withdrawn, 
and  the  temperature  is  watched  as  the  alloy  cools.  The 
temperature  ceases  to  fall  at  133°,  which  is  the  fusion  tem- 
perature of  this  eutectic  alloy.  Having  satisfied  oneself  of 
this,  the  whole  may  be  remelted,  and  about  a  quarter  having 
been  allowed  to  solidify  at  133°,  the  rest  is  poured  off,  and  is 
pure.  This  alloy  is  very  finely  crystalline  when  quickly  cooled ; 
it  is  very  brittle  and  its  freshly  broken  surface  closely  re- 
sembles that  of  cast  iron*    It  showed  on  analysis  : — 


Bismuth    «...    46*1  ^     i^^e^o 
Tin 53-9 


,} 


Temperature 
of  tUG 

133° 


Lemperal 
Per  cent,     of  tuaon. 


§  199.  Bismuth  and  Lead. — Proceeding  in  a  very  similar 
manner  as  with  tin,  a  fixed  temperature  of  122°'7  is  reached. 
This  eutectic  alloy  has  the  composition  : — 

Temperatura 
Per  cent,      of  fusion. 

Bismuth     .     .     .     .     55  581    lOQO  7 

Lead 44-42/   ^^^  ^' 

It  is  of  a  bluish  grey,  is  malleable  and  easily  cut  or  sawn. 
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f  200.  Bismuth  and  Cadmium. — On  adding  melted  cad- 
mium to  melted  bismuth  and  proceeding  as  above,  it  is  possible 
to  obtain  an  alloy  whose  melting-point  is  144°  C.  It  shows, 
on  analjsis;  the  following  composition  : — 

Temperature 
Per  cent,     of  rusion. 

Bismuth 59-19  »    ^^^o 

Cadmium 40*81  f 

§  201.  So  that  we  have  the  following  results : — 
Eutectic  alloy  of  Bismuth  with 

Per  cent.  o 

Lead         contains  44*42  lead  and  melts  at  122*7 

Tin  „        53*90  tin  „  133 

Cadmium        „        40*81  cadmium  „  144 

Zinc  „  7*15  zinc  „  248 

These  weight-ratios  are  none  of  them  simple  atomic  weight- 
ratios.  Of  course,  in  many  cases,  metals  can  be  fused  together 
in  simple  multiples  of  their  atomic  weights,  but  in  most  such 
cases,  on  cooling  the  alloy,  one  of  the  metals  will  separate  out 
first  and  so  destroy  the  ratio.  In  other  cases  an  alloy  richer 
than  the  original  alloy  in  regard  to  one  of  the  metals,  and 
therefore  a  homologae  of  a  subcryohydrate,  separates,  and 
the  original  ratio  is  again  disturbed.  When  we  are  dealing 
with  metals  which,  like  antimony  or  arsenic,  on  the  one  hand, 
are  themselves  halogenous,  or  with  such  strongly  chemico- 
positive  metals  as  sodinm  on  the  other,  we  may  and  do  get  alloys 
of  atomic  composition — ^metallo-metallic  salts.  But  the  tem- 
peratures of  fusion  of  these  are  never,  as  far  as  I  am  aware, 
lower  than  that  of  either  (both)  of  the  constituents.  They  are 
not  eutectic.  Nor  is  it  easy  to  see  any  reason  whatever  why 
they  should  be  so.  On  the  contrary,  we  should  expect  such 
an  alloy  to  be  soluble  in  one  or  other  of  its  elements,  with  de- 
pression of  temperature.  The  statement  therefore  that  alloys 
of  minimum  melting-points  are  got  on  mixing  the  metals  in 
certain  simple  ratios  of  their  atomic  weights,  is  presumably 
to  be  put  on  one  side.  As  the  cryohydrate  forms  itself  when  a 
salt-solution  of  any  strength  loses  heat,  so  the  eutectic  alloy 
forms  itself  when  an  alloy  whose  constituents  are  in  any  ratio 
is  cooled.     The  only  exception  to  this  is  when  the  constituents 
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are  in  the  ratio  homologoos  with  that  between  the  consti- 
tuents of  the  snbcryohydrate.  So-called  "  fdsible  alloys,"  op 
^^fosible  metals/'  are  imperfect  entectic  alloys.  And  it  is 
seen  that  the  melting-points  obtained  by  previons  experi- 
menters with  bismuth-tin  and  bismuth-lead  are  considerably 
higher  than  those  above  shown  (see  also  §  206). 

§  202.  Further,  if  we  take  the  eutectic  alloy  of  bismuth-tin 
and  that  of  bismuth-lead,  and  treat  them  together  as  though 
they  were  single  metals,  we  get  the  eutectic  alloy  of  the  three 
metals  ;  or  either  of  these  alloys  with  bismuth-oadminm  gives 
a  corresponding  tri-eutectic. 

These  and  certain  other  tri-eutectic  alloys  may  form  the 
substance  of  a  further  communication.  They  stand  in  the 
closest  connexion  with  the  cryohydrates  of  mixed  salts,  which 
were  discussed  in  §§  109-116. 

§  203.  Again,  a  tetra-eutectic  is  obtained  either  by  building 
up  from  the  tri-eutectic  and  a  metal,  or  from  three  eutectics  ; 
or  perhaps  more  readily,  although  with  greater  waste  of  metal 
in  the  first  tentative  experiment,  by  fusing  the  four  metals 
together.  The  three  eutectic  bismuth  alloys  above  described 
were  fused  together  in  considerable  quantity  and  in  indefinite 
ratio.  As  the  mass  had  only  partly  solidified  at  100%  it  was 
pressed  in  a  linen  bag  under  boiling  water.  The  liquid  por- 
tion was  further  cooled.  A  large  amount  remained  liquid  at 
71^  C. ;  at  which  temperature  the  thermometer  thenceforth 
stood  until  the  whole  was  solid.  On  remelting  several  times, 
and  collecting  that  which  remained  liquid  after  about  a  fifth 
had  solidified,  the  eutectic  alloy  of  bismuth-tin-lead-cadmium 
was  obtained  pure.     It  showed  the  following  composition: — 

Bismuth     .  . 

Lead     .     .  . 

Cadmium  •  • 

Tin  ...  . 


47-45 

47-38 

19-39 

19-36 

13-31 

13-29 

20-00 

19-97 

100-15  100-00 

The  question,  very  interesting  to  mineralogists,  immediately 
arises,  Can  a  tetra-eutectic  alloy  be  made  without  loss  by 
mixing  three  dieutectic  alloys  in  some  proportion  with  one 
another  ?    The  answer  is  in  this  case  certainly  in  the  negative. 
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For  according  to  §  199,  19-36  of  lead  require  24-25  of  bis- 
math.  Again,  according  to  §  200,  13*29  of  cadminm  require 
19-27  of  bismuth,  and  according  to  §  198, 19*97  of  tin  require 
17*08  of  bismuth.  Bo  that  to  satisfy  the  three  metals  lead, 
cadmium,  and  tin  eutectically,  60*52  of  bismuth  would  be  re- 
quired, instead  of  47-45. 

The  above  alloy  is  extremely  closely  grained  and  brittle. 
It  may,  however,  be  bruised  and  rolled.  It  takes  a  high  polish. 
When  in  some  thickness  its  fracture  is  conchoidal,  exposing 
steel-grey  surfaces.  This  highly  eutectic  alloy  may  find  uses 
in  the  arts,  as  with  the  exception  of  alloys  containing  mercury 
and  those  of  potassium  and  sodium,  it  has  a  melting-point 
lower  than  any  alloy  before  described. 

§  204.  The  above  experiments,  in  which  bismuth  replaced 
the  ice  of  my  previous  experiments  with  salt-solutions  and 
some  other  metal  replaced  the  salt,  are  of  course  only  a  few 
of  an  innumerable  series  of  series.  But  they  will  serve  to 
show  the  genesis  of  bodies  of  this  class.  I  have  already* 
pointed  out  how  the  "  de-leading  "  of  the  lead-silver  alloy  in 
Pattinson's  process  is  really  analogous  to  the  separation  of 
ice  from  a  salt-solution.  The  residual  liquid  alloy  should  have 
a  composition  analogous  to  that  of  a  cryohydrate,  and  should 
be  the  eutectic  alloy  of  lead-silver.  If  this  be  so,  its  tempera^ 
ture  of  fusion  should  be  lower  than  that  of  lead  itself ;  and 
that  it  is  so  is  proved  by  the  separation  of  solid  lead  from  the 
melted  mass.  It  is  well  known  that  Pattinson's  process  may 
be  ^^  pushed  too  far."  According  to  the  above  interpretation, 
this  simply  means  that  when  the  fusion-temperature  of  the 
eutectic  alloy  is  reached,  this  body  solidifies  as  a  whole  and  is 
raked  away  as  the  lead  had  been.  A  pyrometer,  an  air  ther- 
mometer, in  the  mass  would  be  an  absolutely  trustworthy 
guide  as  to  the  proper  time  for  cupellation  to  replace  ^^  de- 
leading." 

§  205.  That  certain  metals  may  and  do  unite  with  one 
another  in  the  small  multiples  of  their  combining  weights  may 
be  conceded.  To  such  bodies  the  eutectic  alloys  bear  the 
same  relationship  as  the  cryohydrates  bear  to  the  common 
hydrates,  and,  like  the  latter  bodies,  their  constituents  are  not 
in  the  ratio  of  any  simple  multiples  of  their  chemical  equiva- 
*  R.  Inst.  Lecture,  Feb.  16, 1877. 
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lents.  Bui  their  composition  is  not^  on  that  account,  the  less 
fixed,  nor  are  &eir  properties  the  less  definite.  Many  of  these 
entectic  alloys  hare  been  known  in  partial  purity  for  ages, 
haying  been  nearly  reached  by  repeated  trial  or  by  assuming 
a  molecular  ratio.  But  they  have  not  been  recognized  as  a 
class  numbering  merely  as  dieutectics  several  hundred  (say 
1700),  which  can  be  obtained,  as  above  shown,  systematically 
and  in  a  state  of  great  purity.  Nor  does  the  fact  that  several 
instances  are  known  in  which  metals  combine  with  one  another 
in  the  chemical  sense — that  is,  in  simple  multiple  ratio  by 
weight  of  their  combining  weights  and  with  liberation  of  beat 
— at  all  diminish  the  possible  number  of  such  eutectic  alloys. 
For,  firstly,  as  a  salt  may  unite  with  water,  as  when  anhydrous 
chloride  of  calcium  does  so,  to  fix  the  water  as  crystalline 
water,  and  also  may  unite  with  water  as  a  cry ohyd  rate,  so  two 
metals  may  unite  in  one  proportion  while  they  form  a  definite 
eutectic  alloy  in  another.  Secondly,  the  very  bodies  resulting 
from  the  chemical  union  of  the  two  metals  will  possibly,  and 
probably,  furnish  starting-points  of  new  series  of  eutectic 
alloys,  consisting  of  a  single  metal  on  the  one  hand  and  the 
chemical  alloy  on  the  other. 

§  206.  It  will  be  instructive  to  compare  the  results  given 
above  with  results  obtained  by  some  previous  experimenters 
who  have  examined  bismuth  alloys. 

According  to  Rose,  one  part  by  weight  of  lead,  one  of  tin, 
and  two  of  bismuth  melt  at  93^*75.  That  a  part  of  it  may  • 
melt,  and  so  the  whole  soften  at  that  temperature,  need  not  be 
questioned.  But  that  the  whole  should  melt  from  first  to 
last  at  any  fixed  temperature,  is  so  highly  improbable  as  to 
be  practically  impossible  on  account  of  the  simplicity  of  the 
proportion. 

According  to  Matthiessen  and  v.  Bose  zinc  and  bismuth  form 
two  alloys,  one  containing  97*6  of  zinc,  and  the  other  from 
8'6  to  14'3  (instead  of  7*15),  which  two  alloys  are  immiscible. 
The  melting-points  do  not  appear  to  have  been  given.  In- 
deed, as  neither  of  these  is  eutectic,  so  neither  has  a  proper 
melting-point. 

The  nearest  approach  to  an  eutectic  alloy  appears  to  have 
been  made  by  Rudberg,  who,  on  melting  together  177  parts 
by  weight  of  tin,  and  213  of  bismuth  (tin  ==  45*38  per  cent., 
bismuth  =54' 62  per  cent.),  obtained  an  alloy  which  is  said 
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to  have  a  constant  melting-temperatare  of  148°.  Hudberg 
further  states  that  all  other  ratios  have  higher  melting-points, 
and  that,  on  cooling,  the  liquid  portion  red  aces  itself  to  this 
ratio.  The  above  ratio  is  intended  for  that  between  three 
''atoms"  of  tin  and  two  of  bismuth.  For  if  the  atomic 
weight  of  tin  be  118  and  that  of  bismuth  210  (Rudberg  takes 
tin  56,  bismuth  106*5),  we  should  have  in  SusBif  the  per- 
centage, tin  S8  45*74  per  cent.,  bismuth  =54*26  per  cent.  It 
has  been  shown  above  that  the  true  entectic  alloy  has  a  melting- 
point  10^  lower  than  Rudberg's,and  the  composition,tin=53'9, 
bismuth  =46*1  per  cent. 

Again,  it  is  stated  that  when  lead  and  bismuth  are  fused 
together,  in  the  proportion  of  three  atoms  of  lead  to  two  of 
bismuth,  an  alloy  is  obtained  whose  melting-point  is  con- 
stant at  129"^.  This  ratio  requires  lead  42*49,  bismuth  57*51 
per  cent.  The  true  eutectic  alloy  has  a  melting-point  6^*8  0. 
lower,  and,  as  we  have  seen,  has  the  composition,  lead  44*42, 
bismuth  55*58. 

The  preconceived  notion  that  the  alloy  of  minimum  tempe- 
rature of  fusion  must  have  its  constituents  in  simple  atomic 
proportion, — that  it  must  be  a  chemical  compound, — seems 
to  have  misled  previous  investigators.  Such  misconception 
could  scarcely  have  arisen  if  the  existence  and  properties  of 
the  cryohydrates  had  been  known. 

§  206  A.  It  was  shown  many  years  ago  (about  35)  by  my 
brother  Francis,  that  if  two  counties  are  only  then  supposed 
to  l>e  in  contact  when  they  have  linear  common  boundary, 
to  colour  a  map  so  that  no  two  counties  in  contact  shall  be 
coloured  alike,  four  colours  at  most  are  needed.  Taking  the 
special  case  in  three  dimensions  it  is  clear  that  five,  but  no 
more  spheres,  may  touch  one  another  (each  touching  all).  If 
there  be  such  things  as  atoms,  and  if  they  be  spherical  or  of 
one  curvature,  not  more  than  five  can  touch,  each  touching  all. 
Gliemical  compounds  are  known  containing  more  than  five 
elements.  But  this  circumstance  does  not  obliterate  the 
limit  of  the  eutexia  of  alloys,  which  are  neither  atomic  nor 
molecular. 

Salt  Alloys. 

§  207.  It  cannot  bo  gainsaid  that,  vast  as  is  the  importance 
in  the  arts  of  the  elementary  metals  and  their  alloys,  yet  ia 
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terrestrial  nature  the  interaction  and  relationship  of  oomponnd 
bodies  is  at  least  of  equal  importance,  and  of  far  wider  scope; 
for  the  science  of  such  interaction  and  relationship  constitutes 
the  greater  part  of  chemistry  and  petrology. 

Amongst  the  non-metallic  elements  we  should  expect  the 
class  analogous  with  the  entectic  alloys  to  he  very  restricted 
in  number,  on  account  of  the  chemical  attitude  of  snch  ele- 
ments towards  one  another,  that  is  their  tendency  towards 
chemical  nnion. 

Chemical  compounds,  however,  all  of  which  may  forbreiriiy's 
sake  be  called  salts,  can  give  rise  to  an  indefinite  number  of 
eutectic  bodies  ;  indeed  to  an  indefinite  number  of  series  of 
such  bodies.  The  whole  of  the  preceding  memoirs  on  Salt-solu- 
tions and  Attached  Water  are  in  fact  mainly  a  study  of  one  such 
series.  The  cryohydrates  are  nothing  else  than  eutectic  alloys 
of  the  one  salt  called  water  with  the  yarious  other  salts.  If 
instead  of  fused  ice  (water)  we  employ  another  fused  salt,  say 
fused  table  salt,  we  may  expect  to  find  it  forming  eutectic 
alloys  with  other  salts,  whose  characteristic  should  be  fusi- 
bility at  a  temperature  lower  than  that  of  either  (both)  of  its 
constituents. 

§  208.  In  choosing  salts  whose  behaviour  under  such  ex- 
amination shall  be  as  free  as  possible  from  ambiguity  wo 
must  avoid  : — " 

First,  those  which  are  decomposed  when  heated  by  them- 
selves to  anything  like  the  temperature  to  which  they  are  to 
be  exposed  in  the  experiment.  And  we  are  safe  in  this  respect, 
if  we  confine  ourselves  to  those  which  are  not  decomposed  on 
fusion.  For  the  bodies  we  are  seeking  should  have  tempera- 
tures of  fusion  below  the  temperature  at  which  that  one 
of  its  constituents  fuses  whose  temperature  of  fusion  is  the 
lower  of  the  two— it  should  be  eutectic. 

Secondly y  must  be  avoided  those  which  react  on  one  another 
chemically,  either  in  the  sense  of  sufiering  double  decomposi- 
tion, or  in  that  of  direct  combination  whereby  double  salts 
are  formed.  It  will  be  shown  in  §  225-227  that  it  is  not  always 
necessary  to  avoid  the  first  of  these  contingencies.  The  possi- 
bility of  double  decomposition  is  of  course  avoided  when  the 
two  salts  used  have  either  a  common  basic,  or  a  common  acid 
constituent. 
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Thirdly y  are  to  be  eschewed  those  salts  which  attack  at  high 
temperatures  the  vessels  employed. 

Amongst  all  salts  perhaps  Nitre  answers  these  requirements 
best,  as  the  body  whose  homologue  is  ice  in  the  previous 
memoirs  of  Sali-solations  and  Attached  Water.  Nitrates  do  not 
form  double  salts  with  one  another,  nor  with  other  salts  (com- 
pare, however,  Karsten).  Nitre  may  be  raised  without  suf- 
fering decomposition  to  atemperature  far  above  its  temperature 
of  fusion  ;  possessing  in  this  respect  a  wider  range  of  available 
temperature  than  nitrate  of  ammonium,  which  might  otherwise 
be  preferable  on  account  of  lis  lower  melting-point. 

§  209.  In  the  following  paragraphs,  from  §  210  to  §  227, 
temperatures  up  to  2^0^  C.  were  measured  by  means  of  a 
mercurial  thermometer.  Those  above  that  range  were  deter- 
mined by  an  air-thermometer  with  a  horizontal  stem  about 
three  feet  long.  The  index  was  a  plug  of  mercury.  The 
total  range  was  from  about  0^  to  380^  0.  As  most  of  the 
experiments  in  which  the  air^thermometer  was  used  were 
made  on  days  on  which  the  barometric  pressure  was  nearly 
the  same,  no  correction  was  needed.  On  other  days  the  air- 
thermometer  was  standardized  at  the  temperature  of  boiling 
water,  with  the  mercurial  one  placed  by  its  side  in  the 
water. 

§  210.  Nitre. — I  find  that  the  temperature  of  fusion  of 
pure  nitre  is  320°  0. 

§  211.  Nitre  and  Chromate  of  Potassium.' — If  nitre  be  fused 
in  a  large  porcelain  crucible  and  neutral  chromate  of  potas- 
sium be  added,  some  of  the  chromate  is  dissolved.  The  higher 
the  temperature  the  larger  the  quantity.  On  suffering  the 
solution  to  cool  slowly,  chromate  of  potassium  separates  out 
in  fine  powder,  which  sinks  through  the  *fused  mass.  The 
temperature  falls  till  it  reaches  295°,  at  which  it  remains 
constant ;  and  the  liquid  begins  to  solidify.  The  liquid  por- 
tion is  poured  into  a  fresh  crucible;  and  this  maybe  repeated 
any  number  of  times.  The  temperature  of  solidification  is 
constant.  The  liquid  being  poured  upon  a  cold  slab  solidifies 
to  a  mass,  which  has  when  cold  precisely  the  colour  of  sulphur. 
Of  this  alloy  2*4881  grams  gave  0*1226  chromate  of  barium. 
This  corresponds  to  0*0936  chromate  of  potassium,  which  is 
3*76  per  cent.     Accordingly  this  alloy  is: — 
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Melting-point. 
Nitre 96-24  |    ^,.0 


I   295° 


Chromate  of  potaflsimn     .      3' 76 

§  212.  Nitre  and  Nitrate  of  Caleintn, — ^The  three  metals 
calcintny  strontium,  and  barinm  promised  to  be  of  interest  in 
furnishing  nitrates  alloyable  with  nitre.  The  method  of  expe- 
riment was  precisely  as  before,  the  nitrates  having  been 
rendered  anhydrous  before  they  were  added  to  the  fused  nitre. 
The  bases  were  all  separated  and  weighed  as  carbonates. 

The  eutectic  alloy  of  nitre  with  nitrate  of  calcium  has  a 
melting-point  of  251°.  Of  this,  1-8300  gram  gave  0*2830 
carbonate,  or  0'4641  gram  nitrate  of  calcium.  This  corre- 
sponds to  25*36  per  cent. 

§  213.  The  eutectic  alloy  of  nitre  with  nitrate  of  strontium 
has  a  melting-point  of  258**.  Of  this,  l"94yO  gram  gave 
0*3498  gram  carbonate,  or  0*6031  gram  nitrate.  This  corre- 
sponds to  25*81  per  cent. 

§  214.  The  eutectic  alloy  of  nitre  with  nitrate  of  barium 
melts  at  278°*5.  Of  this,  2'6100  grams  gave  0*5860  gram 
carbonate,  or  0*7773  gram  nitrate  of  barium.  This  corre- 
sponds with  29*53  per  cent 

Eutectic  alloys  of : — 

Melting-point. 

]\   251° 


Nitre 74*64 Y   9^,0 

Nitrate  of  calcium  .     .     .  25*36 . 

Nitre    .     . 74191    gggo 

Nitrate  of  strontium     .     .  25*81  J 

Nitre 70*47 

Nitrate  of  barium    ...  29 


^53}  ^^^ 


In  this  group  strontium  holds  its  accustomed  intermediate 
place  between  calcium  and  barium  ;  but,  both  in  regard  to 
the  melting-point  and  to  the  composition  of  its  eutectic  alloy, 
it  more  closely  resembles  the  former  than  the  latter. 

§  215.  NUre  and  Nitrate  of  Lead. — The  eutectic  alloy  formed 
by  these  salts  is  of  great  interest,  not  only  because  the  lead 
element,  like  the  chromate  of  potassium  and  the  nitrates  of 
barium  and  strontium,  cannot  be  fused  alone  without  decom- 
position, but  because  it,  the  alloy,  has  a  remarkably  low  melting- 
point,  and  because  either  constituent  in  excess  of  its  quantity 
in  the  eutectic  alloy  raises  the  melting-point  in  a  manner  easy 
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to  be  followed.  To  the  fased  nitre  the  dry  nitrate  of  lead  is 
added,  and  on  cooling  one  or  other  separates  oat  in  crystals 
easy  to  distingaish.  More  of  the  salt  which  is  in  fhsion  is 
added,  until  this  is  in  its  turn  the  one  which  separates  on  cool* 
ing.  The  same  process  having  been  repeated  three  or  four 
times,  the  whole  is  allowed  to  lose  heat  as  before.  The  tem- 
perature soon  settles  at  207°  0^,  and  thereupon  the  liquid 
begins  to  solidify  as  a  beautiful  white  opaque  porcelain-like 
mass,  startlingly  like  the  cryohydrates.  The  temperature 
may  at  first  sink  to  203^  C;  and  when  in  this  condition  of 
'  supersaturation,  solidification  is  not  to  be  induced  by  the  intro- 
duction of  dust  of  either  of  the  nitrates,  but  begins  when  dust  of 
the  solid  eutectic  alloy  is  introduced.  The  temperature  there- 
upon rises  to  107^  This  presumably  proves  that  the  alloy  has 
a  crystalline  form  of  its  own,  different  from  those  of  its  two 
constituents.  Its  composition  was  as  follows,  the  lead  being 
weighed  as  sulphate.  The  two  specimens  were  from  sepa- 
rate preparations,  the  only  criterion  of  identity  of  composition 
being  identity  of  melting-point. 

( 1 )  2-8625  grams  gave  1*2150  of  sulphate  of  lead,  or  1-3276 
gram  of  nitrate  of  lead,  or  46*38  per  cent,  of  nitrate  of  lea«l. 

(2)  2*3005  grams  gave  0*9968  gram  of  sulphate  of  lead, 
or  1*0892  gram  of  nitrate  of  lead,  or  47*34  per  cent.  Taking 
the  mean,  we  have 

Eutectic  alloy  of 

Meltiog^pmnt. 

Nitre 53*14  \    ^^-o 

Nitrate  of  lead   ....     46-86  J 

§  216.  Niire  and  Sulphate  of  Potassium.  —  Anhydrous 
noutral  sulphate  of  potassium  dissolves  in  fused  nitre,  and  sepa- 
rates out  therefrom  as  the  fused  mass  cools  in  the  form  of  a  fine 
powder.  It  is  advantageous  to  allow  the  mass  to  lose  heat 
^ery  slowly.  As  soon  as  the  porcelain-Iike  eutectic  alloy 
begins  to  be  formed,  the  liquid  is  transferred  into  a  fresh 
crucible,  and  the  solidification  is  continued.  An  alloy  is  thus 
finally  obtained  of  the  constant  melting-point  of  300°. 

2-6625  grams  gave  0*0836  gram  sulphate  of  barium,  corre- 
sponding to  0  0627  gram  sulphate  of  potassium,  or  2-36  per 
cent. 
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Melting-point 

t}  ^' 


Entectic  alloy  of 

Nitre 97-64 

Sulphate  of  potassinm  .     .       2*36  ^ 
§  217.  Putting  together  the  results  of  §§  211-214,  we  have 
the  following  table,  in  which  the  alloys  are,  like  the  cryohy- 
drates  of  table  §  88,  arranged  according  to  the  lowness  of  the 
melting-points. 

Table  XLIIL 
Entectic  alloys  with  nitre. 


Name  of  salt 

Temperature 
of  fusion. 

Per  cent 
of  salt. 

Per  cent, 
of  nitre. 

Nitrate  of  lead  

207° 

251 

258 

278 

295 

SCO 

46-86 
26-36 
25-81 
29  63 
3-76 
2-36 

5314 
74-64 
7419 
70-47 
96-24 
97-64 

Nitrate  of  cal<nuin 

Nitrate  of  atrontiuni 

Nitrate  of  barium 

Ohromate  of  potassium    . . . 
Sulphate  of  potassium 

Fnsed  mixtures  of  nitre  and  the  yariable  salt,  which  are 
richer  in  the  salt  than  the  entectic  alloy,  give  up  that  salt  on 
losing  heat ;  those  which  are  poorer  give  up  nitre,  until  in 
both  cases  the  entectic  alloy  is  reached.  The  eutectic  alloy  is 
the  exact  analogue  of  the  cryohydrate;  and  just  as  in  the 
preceding  memoir  curves  were  drawn  showing,  on  the  one 
hand,  the  temperatures  at  which  ice  separates  from  salt-solutions 
of  various  strengths,  weaker  in  salt  than  the -cryohydrate,  and, 
on  the  other,  the  temperature  at  which  the  salt,  or  occasion- 
ally a  snbcryohydrate,  separates  from  such  solutions  as  are 
stronger  in  salt  than  the  cryohydrates^  so,  doubtless,  the  ana- 
logous curves  could  be  drawn  connecting  the  temperature  at 
which  solidification  begins  with  the  fused  mixtures  of  salts 
(see  §  223).  And,  again,  as  there  are  always  two  strengths  of 
an  aqueous  solution,  one  stronger  and  the  other  weaker  than 
the  cryohydrate,  which  are  both  saturated  at  the  same  tempe- 
rature below  zero,  one  in  respect  to  the  salt  and  the  other  in 
respect  to  the  ice,  so  with  these  fused  mixtures  there  must  be 
two  such  mixtures,  from  both  of  which  a  solid  begins  to  sepa- 
rate at  any  given  temperature  between  the  melting-point  of 
the  most  easily  fused  constituent  and  that  of  the  eutectic  alloy. 
§  223  is  devoted  to  the  tracing  of  this  inquiry. 
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§  2 18.  The  analogy  is  so  perfect  between  the  two  groups  of 
bodies  (entectic  allojs  and  crjohjdrates),  that  we  maj  look 
with  great  confidence  for  homologous  phenomena.  The  freez- 
ing mixture,  or  crjogen  of  my  former  memoirs,  has  its  perfect 
counterpart  amongst  the  salt-alloys,  as  follows  : — 

A  layer  of  powdered  nitrate  of  lead  (46  parts  by  weight)  is 
placed  in  the  bottom  of  a  wide  test-tube.  On  this  is  laid  a 
thin  disk  of  mica,  having  a  hole  in  the  middle.  A  thermo- 
meter is  fixed  through  the  hole  so  that  its  bulb  is  half  covered 
by  the  lead  salt.  Upon  the  mica,  and  so  surrounding  the  top 
'  of  the  bulb,  is  piled  some  powdered  nitre  (54  parts).  This 
tube  is  plunged  into  a  bath  of  melted  nitre,  which  is  heated 
some  few  degrees  above  its  melting-point,  and  until  the  ther- 
mometer registers  about  250°.  The  thermometer  is  then  used 
as  a  stirring-rod  to  mix  the  two  salts.  The  mercury  sinks  to 
207%  and  remains  pretty  constant  for  a  time  at  that  tempera- 
ture. The  contents  of  the  tube  liquefy,  and  solid  ni^  is 
formed  upon  the  outside  of  the  tube.  Now  substitute  ice  for 
nitre,  and  perform  the  analogous  experiment.  The  nitrate  of 
lead  and  ice  in  the  inner  tube  will  form  a  freezing-mixture 
when  stirred  together,  and  this  will  cause  ice  to  form  on  the 
outside,  if  the  melted  ice  (water)  in  contact  with  it  be  not  too 
warm. 

§  218a.  Just  as  the  eutectic  metallic  alloys  had  been  nearly 
approached  by  Budberg  and  others,  so  approximations  to 
eutectic  salt  alloys  have  not  been  unknown.  Thus  M. 
Maumen^  {Comptes  RendiUf  1888,  xcviii.  p.  1815)  makes  the 
very  interesting  statement  that  while  neither  nitrate  of  barium 
nor  nitrate  of  lead  can  be  fused  per  se  without  decomposition, 
they  can  both  be  so  fused  beneath  a  mass  of  nitrate  of  potas- 
sium or  nitrate  of  sodium  or  a  mixture  of  both*  He  states 
that  an  equivalent  mixture  of  the  nitrates  of  barium  and 
sodium  melts  at  about  370^ ;  and  that  when  equal  weights  are 
taken,  crystallization  begins  at  322%  and  solidification  takes 
place  at  288^  Again,  according  to  M.  Maumen^,  equal 
weights  of  the  nitrates  of  lead  and  sodium  have  a  melting- 
point  (paint  fixe)  at  282^  [we  have  seen  that  the  eutectic 
alloy  of  these  two  fuses  at  268^  and  contains  42*84  per  cent. 
of  nitrate  of  lead  (see  §  221)].  And  again,  M.  Maumen^,  on 
taking  equal  weights  of  nitrate  of  sodium,  nitrate  of  potas- 
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sium,  and  nitrate  of  lead,  finds  the  melting-point  259^.  [I 
find  (§  215)  an  eutectic  alloy  melting  at  186^  and  containing 
43*34  nitrate  of  lead.]  It  appears  that  none  of  the  propor- 
tions given  by  M.  Maamen^  are  those  of  the  entectic  alloys, 
and  that  accordingly  the  temperatures  of  solidification  wUeb 
he  gives  cannot  be  constant. 

§  219.  Eutectic  Salt  Alloys  of  Nitrate  of  iS«lwi».r-Nitrate  of 
sodinm  fuses  at  305^,  and  we  might  parfiaps  expect  that  \i% 
entectic  alloys  would  have  lower  fosing-points  than  the  corre- 
sponding nitre  alloys.  The  foDowing  experiments  show  that 
this  is  by  no  meam  the  case. 

§  220.  Niinae  of  Sodium  with  Nitre.— OhimneA   by  the 

metbcMl  aiNire  described,  the  eutectic  alloy  of  these  two  salts 

iBtf  the  fusing.point  of  215''  C.     Of  this  alloy  3*8885  grams 

were  converted  into  neutral  sulphates,  having  the  joint  weight 

3-3135.     This  implies  2*5093  grams  nitre  and  1-3792  gram 

nitrate  of  sodium  ;  or 

Per  cent.        Melting-point. 

Nitrate  of  sodium     .     •     .     32*90 1  2150 

Nitrate  of  potassium     .     .     67*10  J 

For  the  specific  gravity  of  this  alloy,  see  §  228. 

§  221.  Nitrateof  Sodium  with  Nitrate  of  Lead, — Thiseutectic 

salt  alloy  has  a  melting-point  of  268°.     A  weight  of  3*3040 

grams  gave  1*2955  grams  sulphate  of  lead,  which  corresponds 

to  1*4156  gram  nitrate  of  lead. 

Per  cent.        Melting-point. 

Nitrate  of  sodium     .     .     .     57*16 1  g^^o 

Nitrate  of  lead         •     .     .    42*84  J 

§  222.  A  Trir-eutectic  Allot/. — Let  us  consider  for  a  moment 
the  alloy  in  §  219  to  be  a  single  salt,  and  find  the  eutectic 
alloy  between  this  and  nitrate  of  lead.  The  lowest  melting- 
point  is  found  to  be  186° ;  and  the  composition  of  the  alloy, 
derived  from  the  result  that  2*9280  grams  gave  1*1613  gram 
sulphate  of  leader  1*2690  gram  nitrate  of  lead,  is  as  follows : — 

Per  cent.    Melting-point 
/Nitrate  of  potassium     .     .     38*02 "^ 
iNitrate  of  sodium         .     .     18*64  V        186° 
Nitrate  of  lead         .     .     .     43*34 ) 

This  of  course  implies  that  the  above  is  the  entectic  alloy  of 
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these  three  salts.  The  eutexia  of  salt  alloys  of  more  than  two 
salts  is  a  very  wide  question  upon  which  I  can  only  here  touch. 
§  223.  The  following  experiment  completes  the  analogy 
pointed  out  in  §  218.  Mixtures  of  nitre  and  nitrate  of  lead, 
both  in  the  form  of  powder,  were  made  in  different  ratios  from 
95  nitre  and  5  of  nitrate  of  lead,  90  of  nitre  and  10  of  nitrate 
of  lead,  and  so  on  ;  these  were  put  into  test-tubes  and  heated 
in  an  oil-bath,  which  was  kept  continually  stirred.  The  mix- 
ture was  completely  melted,  and  the  temperature  at  which 
solidification  began  was  observed.  The  observations,  being 
repeated  many  times,  gave  the  following  results  :— 

Temperatures  at  which  solidification  begins  in  melted 
alloys  of  nitre  with  nitrate  of  lead  of  various  strengths. 

Table  XLIV. 


Temperature 

Nitre 

Nitrate  of 

of  beffinning 
of  Bofidifioa- 

Nature  of  body 

percent 

lead  per  cent 

Bepar&tiiig. 

tion. 

100 

0 

3200 

Nitre. 

90 

10 

300 

»f 

80 

20 

285 

n 

70 

30 

268 

ft 

60 

40 

246 

1) 

&314 

46-86 

207 

Eutectic  alloj. 

50 

50 

210 

Nitrate  of  leML 

40 

60 

238 

If 

30 

70 

335  (?) 

»» 

It  is  of  course  necessary  to  heat  the  mixed  powders,  in  each 
case,  beyond  the  temperature  which  proves  to  be  the  initial 
solidifying  point  of  the  mixed  mass.  On  heating  the  column 
of  powder  it  is  noticed  first  to  shrink  and  cake  together  to 
about  a  quarter  of  its  former  volume,  reminding  one  of  the 
baking  of  clays.  Indeed  all  phenomena  of  so-called  incipient 
fusion  of  compound  bodies  (the  pasty  state)  may  be  due  to 
what  takes  place  here,  namely  the  formation  of  an  eutectic  alloy. 

The  decomposition  of  both  terms  of  this  alloy,  at  tempera^ 
tures  not  very  much  higher  than  320^,  puts  a  limit  to  the 
tracing  of  this  curve  further,  but  its  general  aspect  is  quite 
like  that  of  the  salt-solution  (water)  curves  below  zero,  of 
which  so  many  examples  have  been  given  in  previous  memoirs. 

Mixtures  consisting  of  20  per  cent,  nitre  and  80  per  cent. 
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nitrate  of  lead,  and  even  10  per  cent,  nitre  and  90  per  cent, 
nitrate  of  lead,  fiuse  together  into  clear  liquids  without  deoom- 


§*»orS9»« 


poeiHon,  but  I  have  not  determined  the  meltinir-pointfl.    -^*  * 
higher  temperature  the  red  peroxide  of  nitrogen  is  evolved, 
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hvkt  I  do  not  know  whether  it  is  or  is  not  accompanied  by 
oxygen. 

In  the  fignre  carve  (1)  shows  the  solidification-temperatures 
of  mixtures  of  nitrate  of  lead  and  fused  ice  (§  152),  and  curve 
(2)  shows  the  solidification-temperatures  of  mixtures  of  nitrate 
of  lead  and  fused  nitre.  The  abscissae  are  on  the  same  scale 
(1  millim.  to  1  per  cent,  of  lead  salt).  The  ordinates  are  in 
(2)  1  millim.  to  1°  C. ;  in  curve  (1)1  miUim.  to  0°-l.  The 
curve  (2)  is  fetched  down  so  that  the  two  have  a  common 
origin. 

§  224.  One  of  the  vridest  generalizations  with  regard  to 
the  behaviour  of  compound  bodies  towards  one  another  is 
that  which  assumes^  in  the  case  of  two  salts,  that  the  bases  are 
shared  in  the  first  place  by  the  acids,  and  that  the  result  which 
often  ensues,  that  one  base  and  one  acid  are  ultimately  found 
in  union  to  the  exclusion  of  all  others,  is  due  to  the  succes- 
sive withdrawal  of  such  a  combination  when  formed,  either  by 
its  insolubility  or  volatility.  Accordingly  we  must  not  be 
surprised  that  when  the  conditions  of  insolubility  are  varied, 
the  final  selection  may  be  wholly  changed.  The  salt  alloy 
described  in  §  215,  namely  the  eutectic  alloy  of  nitre  and 
nitrate  of  lead,  when  mixed  with  the  eutectic  alloy  of  nitre 
and  sulphate  of  potash,  §  216,  and  heated,  forms  a  perfectly 
transparent  liquid.  Sulphate  of  lead,  which  is  so  insoluble  in 
water,  is  soluble  in  fused  nitre  (see  §  225) ;  and  a  mixture  may 
be  got  identical  with  that  got  on  heating  nitrate  of  lead  wiUi 
sulphate  of  potassium  in  the  presence  of  nitrate  of  potassium. 
There  is  in  both  cases  equilibrium  between  the  bases  and  acids. 
When  sulphate  of  lead  is  dissolved  in  fused  nitre,  it  is  to  be 
noticed  that,  at  a  considerably  increased  temperature,  the  red 
oxide  of  nitrogen  is  given  off^  as  when  nitrate  of  lead  is  heated 
by  itself.  Both  nitre  and  sulphate  of  lead,  when  heated  by 
themselves,  require  a  much  higher  temperature  for  their  de- 
composition ;  this  seems  to  show  the  existence  of  nitrate  of 
lead  in  the  fused  mixture.  The  liquidness  of  the  fused  alloy 
does  not  show  that  no  sulphate  of  lead  is  present :  a  certain 
amount  of  lead  is  no  doubt  in  union  with  sulphuric  acid,  but 
is  soluble  in  nitre  as  other  salts  are  soluble  in  water. 

§  225.  Ifitre  and  Sulphate  of  Lead. — On  adding  pure  dry 
sulphate  of  lead  to  fiised  nitre,  solution   ensues  the   more 
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abundantly  the  hotter  the  liquid.  The  amount  of  sulphate  of 
lead  dissolved  is,  however,  small,  and  the  fusing-point  is  only 
lowered  about  5^,  standing  now  at  about  315^.  At  temperatures 
above  its  melting-point,  it  would  be  unjustifiable  to  call  such 
a  liquid  an  alloy,  because  its  composition,  in  all  probability, 
"depends  upon  its  temperature  in  as  fur  as  that  composition  is 
referred  to  the  distribution  of  acids  and  bases.  As  it  cools  it 
gives  up  sulphate  of  lead  in  little  crystals  which  sink.  At 
the  temperature  of  315^  general  solidification  beginsj  and  is 
completed. 

Of  this  alloy  4*2725  grams  were  treated  with  water  and  a 
little  alcohol,  and  the  insoluble  sulphate  of  lead  was  found  to 
weigh  0*1968  gram,  corresponding  to  4*61  per  cent. 

Sulphate  of  lead  requires  for  fusion  per  se  a  bright  red, 
almost  white  heat.  But  it  is  thus  found  to  dissolve  in  hot 
fused  nitre,  and  it  separates  as  such  on  cooling  the  fused 
liquid.     For  the  geological  value  of  this  fact  see  §  230. 

§  226.  Sulphate  of  Calcium  behaves  in  a  similar  manner. 
Highly  refractory  by  itself,  it  dissolves  in  fused  nitre.  The 
cooling  mixture,  after  shedding  the  excess  of  sulphate  above 
that  required  for  the  eutectic  alloy,  solidifies  at  a  constant 
temperature  of  about  315^.  The  lime,  separated  as  oxalate 
and  weighed  as  carbonate,  showed  a  percentage  of  sulphate 
of  0*93.  For  3*4832  grams  of  alloy  gave  0*0238  gram  of 
carbonate,  or  0*03237  gram  of  sulphate. 

§  227.  Nitre  and  Sulphate  of  Barium. — Even  the  sulphate 
of  barium,  which  is  typical  of  aqueous  insolubility,  dissolves  in 
fused  nitre,  depressing  the  solidifying  point,  however,  almost 
inappreciably.  A  little  separates  on  cooling,  and  8*54  grams 
of  the  eutectic  alloy,  when  boiled  with  water,  gave  00852 
gram  of  the  insoluble  sulphate,  or  0*98  per  cent.  It  may  be 
noticed  in  passing  that,  as  is  well  known  to  analysts,  sulphate 
of  barium  is  soluble  to  an  appreciable  extent  in  another  fused 
nitrate,  namely  nitrate  of  hydrogen. 

§228.  Speeifie  Gravity  of  the  Etdectic  Alloy  of  Nitrate  of 
Potassium  and  Nitrate  of  Sodium. 

Slabs  of  nitre,  nitrate  of  sodium,  and  the  eutectic  alloy  of 
the  two  were  cast  upon  a  surface  of  cold  metal,  the  liquids 
themselves  being  when  poured  only  a  few  degrees  above 
their  melting-points.     Their  specific  gravities  were  found  by 
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weighing  them  in  oil  of  turpentine  of  ascertained  specific 
gravitj.     I  found  the 

Specific  gravity  of  nitre 2*2028 

,,  fj         nitrate  of  sodium    2*0469 

„  9,         the  eutectic  alloy    2*1328 

If  the  two  were  to  mix  without  either  gain  or  loss  of  volume 
in  the  proportion  found  in  §  220,  namely  82*9  of  nitrate  of 
sodium  and  67*1  of  nitrate  of  potassium,  the  specific  gravity 
of  the  alloy  would  be  2*149.  The  density  found  shows  that 
there  has  been  an  expansion  on  the  two  associating  themselves 
together  to  form  the  alloy*  And  this  expansion  is  presumably 
in  near  connexion  with  the  lowering  of  the  melting-point. 

§  229.  The  generalization  of  Bertihollet  is  only  one  aspect 
of  the  question  of  distribution.  When  a  compound  body  a  a 
and  another  compound  body  by  being  brought  together  in 
watery  solution  give  rise  to  an  insoluble  body  ay  and  a 
soluble  one  b  x,  we  have  no  more  right  to  say  that  the  change 
is  brought  about  in  virtue  of  the  insolubility  of  a  ^  than  that  it 
is  due  to  the  solubility  of  b  x.  Strictly  speaking,  it  is  due  to 
the  difference  in  solubility  of  the  two.  For  the  solubility  of 
the  one  is  as  much  concerned  with  the  separation  of  the  two 
new  compounds  as  in  the  insolubility  of  the  other.  It  is  on 
this  account  that  eutexia,  without  water,  and  as  it  exists  in  the 
case  of  two  fused  metals  or  anhydrous  salts,  may  and  must 
have  a  determining  influence  on  the  arrangement  in  ratio  or 
kind  of  the  constituents. 

§  230.  Geological  and  Mineralogical  Significance  o/Eutexia. 
— How  the  temperature  of  liquefaction  of  rocks  may  be  lowered 
by  the  introduction  of  even  small  quantities  of  water  will  be 
discussed  in  my  next  memoir.  It  has  been  very  diligently 
considered  by  Daubr^e.  Let  us  briefly  examine  the  question 
of  the  interaction  of  rocks  and  their  constituents,  without,  of 
necessity,  the  intervention  of  water. 

In  reviewing  the  analyses  of  Felspathio  minerals,  most  of 
which,  unless  weathered  after  solidification,  appear  to  be 
essentially  anhydrous,  we  find  them  to  be  silicates  of  potassium 
and  aluminum,  in  which,  to  use  the  common  expression,  the 
potassium  is  partly  replaced  by  sodium,  calcium,  magnesium, 
and  manganese,  the  aluminum  by  iron.     That  water  is  not 
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essential  to  the  formation  of  this  kind  of  mineral;  is  proved 
by  the  occnrrence  of  it  in  copper  and  iron  furnaces.  Mica,  on 
the  other  hand,  appears  always  to  contain  water,  sometimes 
as  mneh  as  three  or  four  per  cent.,  with  a  lesser  percentage  of 
silica  than  felspar ;  it  contains  generally  a  far  larger  pro- 
portion of  alaminum  and  of  iron  ;  the  abundance  of  the  latter 
element  may  indeed  be  considered,  together  with  its  defi- 
ciency in  silica,  as  its  distinguishing  characteristic,  chemically 
speaking,  from  orthoclase. 

Silica — the  great  earth<^cid,  a  title  which  it  shares  with 
carbonic  acid,  whose  other  realm  is  the  air,  and  to  some 
extent  with  hydrochloric  acid,  whose  proper  region  is  the  sea 
— appears  both  in  the  anhydrous  form  and  with  as  much  as 
eleven  per  cent,  of  water.  By  its  union  with  alumina  it  gives 
rise  to  clay,  slate,  and  the  minerals  staurolite,  andalusite, 
kyanite ;  with  lime  to  Wollastonite ;  with  magnesia  (and  iron) 
to  bronzite  ;  with  lime  and  magnesia  (and  iron)  to  augite  and 
diallage  ;  with  magnesia  and  iron  (and  lime)  to  hypersthene 
and  olivine ;  with  magnesia,  lime,  and  iron  to  hornblende ;  with 
iron  to  Fayalite,  and  so  on. 

If,  now,  we  adopt  the  often-asserted  theory  that  variations 
in  minerals  belonging  to  the  same  class  are  brought  about 
by  the  exchange  of  more  or  less  of  one  base  by  another,  the 
analyses  land  us  in  a  diiRculty,  which  seems  insuperable. 
Let  us  suppose,  for  instance,  that  we  have  pure  Wollastonite, 
consisting  of 

Silica 51-73, 

Lime.  ....     48-27. 

Replacing  part  of  the  lime  by  magnesia  and  iron,  say  23*51 
by  18*55  magnesia  and  0*99  protoxide  of  iron,  the  silica 
rises  to  55*15,  and  gives  us  an  excellent  example  of  augite 
(neglecting  the  manganese  and  alumina  of  that  body). 

V.  Bonsdorff. 

Silica 54*83 

Lime 24*76 

Magnesia 18*55 

Protoxide  of  iron .  .  .  0*99 
Protoxide  of  manganese  0*32 
Alumina 028 
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Bat  next  let  ng  examine  hornblende;  an  analysis  of  which 
by  V.  Bonsdorff  is  given. 

Silica 60-10 

Magnesia 24*31 


Lime 

12-73 

Protoxide  of  iron  .     .     . 

100 

Protoxide  of  manganese 

0-47 

Alnmina 

0-42 

Hydrofluoric  acid     .     . 

•83 

Water 

•15 

10001 

These  bases,  neglecting  the  water  and  hydrofluoric  acidj 
require  together  51'83  of  silicic  acid,  instead  of  60.  No  pro- 
cess of  exchange  of  one  base  for  another  can  make  hornblende 
out  of  WoUastonite.  It  is  essentially  acid,  unless  in  those 
varieties  of  amphibole  which  contain  a  considerable  proportion 
of  alumina ;  these,  indeed,  may  be  basic,  acid,  or  neutral, 
according  as  the  alumina  is  considered  as  a  base  saturating 
the  silica,  or  an  acid  saturating  lime  or  magnesia,  or  partly  in 
the  one  predicament  and  partly  in  the  other.  As  WoUastonite 
occurs  along  with  amphibole  and  augite,  there  does  not  appear 
sufficient  ground  for  this  essential  difference  on  the  replace- 
ment theory. 

I  submit  that,  according  to  analogy,  we  should  regard  com- 
pound rocks  and  minerals,  other  than  sedimentary  rocks,  as 
representing  various  kinds  of  eutectic  alloys.  We  may  for 
the  sake  of  argument  start  from  some  known  definite  rock 
which  is  a  true  chemical  compound,  such  as  orthoclase,  and 
trace  the  probable  reactions  between  this  and  other  rocks  ;  or 
we  may  take  a  rock,  like  granite  or  syenite,  of  indefinite  compo- 
sition, and  examine  the  probable  assortment  of  its  constituents 
on  cooling.  Starting  with  the  melted  mass,  my  experiments 
with  salts  have,  I  maintain,  established  that  the  clear  molten 
granite  will  in  cooling  throw  off  as  solids  atomically  definite 
salts,  the  last  alloy  to  remain  liquid  being  the  eutectic  alloy, 
which  is  constant  only  in  composition  in  the  sense  in  which 
such  a  body  is  so.  It  would  follow  therefore  that  the  micas 
are  the  eutectic  alloys  of  the  proximate  elements,  or  salts  of 
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the  melted  granite.  Quartz  and  felspar  being  both  moleca- 
larlj  constituted;  undergo  solidification  before  mica.  On 
account  of  the  enormous  effect  which  even  a  little  water  has 
in  reducing  the  melting-point  *  and  because  silica  is  soluble 
in  water,  it  is  probable  that  the  order  of  solidification  is  first 
felspar^  and  then  quartz^  and  lastly  mica.  Quartz  is  thus 
speaking  en  pros  pseudomorphic  to  felspar^  and  mica  to  both  ; 
all  three  are  sometimes  in  this  mass-sense  pseudomorphic  to 
slate^  and  mica  is  especially  so.  If  fused  nitre  be  saturated 
with  nitrate  of  lead  and  sulphate  of  potash,  and  gradually 
cooled,  sulphate  of  lead  first  separates,  then  sulphate  of  potash 
with  sulphate  of  lead,  then  the  eutectic  alloy  of  all  three. 
The  sulphate  of  lead  represents  the  felspar,  the  sulphate  of 
potash  with  sulphate  of  lead  represents  the  quartz,  and  the 
eutectic  alloy  represents  the  mica  (see  aUo  §  38,  Phys.  Soc 
Proc.  1874).  Tourmaline  and  hornblende  are  probably  both 
eutectic,  whilst  olivine  is  probably  not. 

§  231.  As  to  the  great  rock-masses  themselves,  if  we  assume 
that  the  earth  is  a  drop  of  fused  rock  alloy  with  a  solid  crust, 
and  that  its  history  bad  been  one  of  gradual  undisturbed 
and  symmetrical  cooling,  it  is  clear  that,  apart  from  sedimen- 
tary formations,  the  oldest  solid  rocks  are  those  formed  nearest 
the  surface.  But  the  disturbing  causes  are  manifold :  the  earth- 
crust  is  under  stress  on  account  of  the  loss  of  volume  on 
cooling.  This  strain  is  unequally  distributed,  on  account  of 
the  want  of  sphericity  of  the  earth's  form,  and  on  account  of 
the  centrifugal  pressure  towards  the  equator.  Extra-terres- 
trial influences,  such  as  the  conjunction  and  apposition  of  the 
sun  and  moon  and  the  variation  in  solar  radiation,  are  asym- 
metrical, so  that  the  earth's  crust  heaves  and  cracks  and  allows 
the  eutectic  melted  alloy  to  break  through,  and  as  an  intrusive 
mass  metamorphose  and  overlie  the  older  formations.  Once 
rendered  asymmetrical,  the  geographical  features  give  rise  to 
climates  and  weathers^  and  determine  the  formation  of  the 
sedimentary  strata* 

*  See  Daubrte,  QMogU  expSrimeiUaie.  Also  mj  next  memoir,  §{  88^-845. 
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XII.  On  a^^ Speed  Indicator''  for  Ships'  Propellors.    By  Sir 

Abchibald  Campbell  of  Blythswood  and  W.  T.  Goolden*, 

[Plate  IX.J 

In  Febrnary  of  last  year,  when  visiting  one  of  H.M. 
Dockyards,  it  was  pointed  oat  to  ns  that  a  very  urgent 
need  was  felt  of  some  means  of  indicating  with  certainty  the 
speed  of  naval  engines,  especially  in  ships  carrying  twin- 
screws,  where  the  engines  are  not  only  distinct,  but  separated 
from  each  other  by  iron  bulk-heads  which  prevent  any  com- 
munication between  the  two  engine-rooms.  The  authorities 
intimated  also  that  it  was  desired  that  several  indications 
should  be  made  simultaneously  in  various  parts  of  the  ship, 
and  that  the  apparatus  should  be  as  far  as  possible  automatic, 
and  require  no  trouble  or  attention. 

There  are  at  present  one  or  two  instruments  in  existence 
for  this  purpose,  but  their  indications  are  found  to  be  untrust- 
worthy when  at  sea  ;  and  we  were  warned  that  no  instrument 
in  which  the  force  of  gravitation  played  a  part  would  be 
likely  to  receive  any  attention  at  the  Admiralty,  This 
consideration  excludes  the  use  of  ball-governors  or  of  any 
device  depending  on  the  weight  of  a  fluid  column  ;  and  led 
us  to  consider  whether  the  desired  conditions  could  not  be 
fulfilled  by  a  purely  mechanical  arrangement  founded  on  the 
ordinary  equation  involving  angular  velocity, 

It  was  at  first  difiicult  to  see  how  this  principle  could  be 
applied  to  a  direct  measure  of  ck>,  as  no  simple  means  are 
known  whereby  the  variation  in  the  velocity  r  of  a  point 
moving  in  a  straight  or  curved  path  can  be  continuously 
measured.  But  it  was  soon  apparent  that  the  variable  angular 
velocity  a>  of  a  body  A  can  be  compared  with  the  constant 
angular  velocity  to'  of  another  body  B,  if  a  point  on  B  at  a 
distance  /  from  its  axis  of  rotation  has  the  same  linear 
velocity  as  a  point  on  the  circumference  of  A.     We  then  get 


r 
d  thus  ck>  vai 

*  Read  May  24, 1884. 


in  which  -  is  constant,  and  thus  ck>  varies  as  /• 
r 
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The  condition  is  evidently  satisfied  by  a  disk  pressing  on 
the  surface  of  a  cone  revolving  at  a  uniform  speed  ;  for  the 
linear  velocity  of  the  point  in  the  perimeter  of  the  disk  which 
is  in  contact  with  the  cone^  being  identical  with  that  of  the 
corresponding  point  of  the  cone,  will  be  proportional  to  the 
radius  of  the  corresponding  circular  section  of  the  cone,  and 
consequently  to  the  distance  of  the  point  of  contact  from  the 
apex  of  the  cone.  If,  further,  the  disk  forms  the  nut  of  a  screw 
rotating  in  the  opposite  direction  to  the  cone,  and  the  axis  of 
the  screw  is  placed  parallel  to  the  side  of  the  cone,  it  is  obvious 
that  the  nut  and  screw  must  have  the  same  angular  velocity  for 
the  nut  to  be  at  rest  on  the  screw  ;  and  the  disk  will  therefore 
take  up  a  different  position  on  the  screw  as  the  velocity  of 
the  latter  changes  in  value. 

In  the  "  Blythswood  Speed  Indicator  "  the  screw  is  driven 
by  the  engine  or  shaft  whose  speed  is  to  be  indicated,  while 
the  cone  has  a  constant  speed  communicated  to  it  by  clock- 
work.  A  scale  placed  under  the  screw  shows  the  speed  of 
the  nut  and  screw  when  the  nut  is  at  rest ;  and  by  a  series 
of  electric  contact-pieces  attached  to  a  cable,  the  indications 
can  be  transferred  to  dials  placed  at  any  distance  from  the 
machine. 

When  the  engines  reverse,  a  clutch  keeps  the  screw  revolving 
always  in  the  same  direction,  and  at  the  same  time  pulls  over 
a  commutator  placed  in  the  electric  circuit,  so  that  the  dials 
show  not  only  the  speed,  but  also  the  direction  of  motion^ 
ahead  or  astern. 

The  clock  is  wound  by  the  engine,  and  stops  when  the 
machinery  is  at  rest ;  and  having  a  carefully  balanced  friction- 
governor,  it  is  independent  of  gravity,  and  therefore  keeps  its 
time  under  all  conditions  of  wind  and  weather. 

We  propose  to  add  to  the  instrument  a  drum  carrying 
prepared  paper,  upon  which  as  it  revolves  a  pencil  will 
continuously  trace  the  position  of  the  nut,  and  thus  keep  a 
record  of  the  performance  of  the  engine  for  future  reference. 

The  same  principle  can  evidently  be  applied  to  a  comparison 
of  the  speeds  of  two  engines  or  rotating  shafts,  where  both 
are  variable,  if  one  drives  the  cone  and  the  other  the  screw, 

for  — ,  =  — ,  in  which  r  is  constant. 
Of       r 
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.  We  desire  in  conclusion  to  express  the  obligation  we  are 
under  to  Mr.  Hilger  for  the  admirable  skill  and  patient 
iutelligence  with  which  he  has  successfally  carried  out  our 
idea* 


XIII,  The  GaS'Enffine  Indicator-Diagram,     By  Professors 
W.  E.  Ayrton,  F.R.S.,  and  John  Perry,  M.E.* 

[Plate  X.] 

The  members  of  this  Society  are  probably  aware  that  gas- 
engiues  are  now  largely  in  nse^  and  that  their  use  is  still 
extending  rapidly*  There  can  be  no  doubt  that  gas-engines 
would  be  largely  used,  even  if  they  were  wasteful  of  fuel,  on 
account  of  their  being  always  ready  to  start  or  stop,  and  their 
requiring  so  little  attention ;  but  it  is  gradually  becoming 
clearer  that  even  small  specimens  of  this  kind  of  engine,  whose 
history  is  merely  beginning,  are  in  actual  fact  less  wasteful  of 
fuel  than  the  largest  and  most  carefully  constructed  steam* 
engines.  It  is,  for  example,  a  demonstrated  fact  that,  with  a 
Dowson's  generator  not  larger  than  the  boiler  used  in  the 
corresponding  steam-engine,  an  Otto  engine  uses  only  1*1  lb* 
of  coal  per  indicated  horse-power  per  hour.  It  is  therefore 
not  unreasonable  to  suppose  that  gas-engines  will  soon  be 
employed  even  in  the  propulsion  of  ships. 

The  rapid  growth  of  this  new  application  of  science  renders 
it  necessary  that  help  should  be  given  to  practical  men  to 
enable  them  to  use  such  observations  as  they  are  constantly 
making.  This  paper  is  intended  to  teach  such  men  a  method 
of  obtaining  information  from  the  indicator-diagram  of  a  gas- 
engine. 

2.  T/ie  Action  in  the  Otto  Gas-Engine. — ^This  large  model 
which  we  exhibit  has  been  constructed  in  the  workshop  of  the 
Finsbury  College,  to  enable  students  to  follow  the  motions  of 
diiferent  parts  of  the  gas-engine.  It  will  be  seen  that  when 
the  piston  is  at  the  end  of  its  stroke,  only  what  we  call  the 
clearance-space  behind  it  is  filled  with  fluid.  This  fluid  is  a 
mixture  of  carbonic  acid,  water- vapour,  and  nitrogen,  whose 

•  Read  April  26, 1884. 
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temperature  is  about  410°  C.*,  if  there  was  an  immediately 
previous  explosion.  The  temperature  of  the  clearance-space 
fluid  may  be  anything  between  410°  C.  and  the  temperature 
of  the  atmosphere,  depending  on  how  recently  an  explosion 
has  taken  place.  As  the  piston  moves  forward  it  draws  into 
the- space  a  mixture  of  gas  and  air.  At  the  end  of  the  for- 
ward stroke  the  pressure  of  the  mixed  fluid  is  nearly  that  of 
the  atmosphere ;  in  the  back  stroke  the  fluid  is  compressed. 
At  the  beginning  of  the  next  forward  stroke  the  fluid  is 
ignited,  and  rapid  development  of  heat  results,  causing  great 
increase  in  pressure,  the  pressure  gradually  diminishing  until, 
just  before  the  end  of  the  forward  stroke,  the  fluid  is  allowed 
to  escape.  In  the  next  back  stroke  the  piston  drives  the  fluid 
out  of  the  cylinder  with  the  exception  of  what  remains  in  the 
clearance,  and  thus  completes  a  cyple  of  operations.  In  fig.  1 
(PI.  X.)  indicator-diagrams  show  the  nature  of  the  alterations 
in  pressure  and  volume  going  on  during  the  compression 
and  working  parts  of  the  cycle;  distances  measured  from  0  L 
representing  pressure  in  pounds  per  square  inch  from  vacuum, 
and  distances  measured  from  O  P  representing  volume  of  the 
fluid,  the  unit  of  volume  being  the  volume  described  by  the 
piston  moving  through  one  foot  of  the  length  of  the  cylinder. 

Four  difierent  diagrams  are  given  whose  compression  parts 
practically  coincide,  the  difierences  in  their  ignition  parts  being^ 
due  to  difierences  in  the  amounts  of  gas  supplied.  We  hav» 
not  thought  it  necessary  to  give  a  complete  diagram  in  which 
the  dismission  and  suction  parts  of  the  cycle  should  be  repre- 
sented. 

The  shape  of  the  diagram  is  materially  modified  by  the 
recentness  of  the  last  explosion,  as  this  afiects  the  temperature 
of  the  fluid  before  compression,  and  so  modifies  the  actual 
amount  of  the  mixture  of  gas  and  air  entering  the  cylinder. 
To  a  less  degree  the  shape  of  the  diagram  is  afiected  in  the 
discharge  part  of  the  cycle  by  the  recentness  of  an  explosion, 

*  In  our  own  obfiervations  at  Finsbury  we  have  not  used  any  specially 
contrived  apparatus,  as  our  investigations  were  really  for  the  purpose  of 
enabling  students  to  illustrate  for  themselves  a  course  of  lectures  deUvered 
by  one  of  us  on  the  Gas-engine.  Hence  we  have  taken  the  temperature 
of  410^  C.  as  the  exhaust  temperature,  instead  of  800°  C.  given  by  our 
own  measiurements  with  the  Siemens  pyrometer.  A  correction  Of  this 
temperature  would  perhaps  lessen  the  number  1-67  W  and  increase  0*37  W, 
given  in  S  9. 
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as  a  recent  explosion  will  have  given  the  exhaust  passages  a 
higher  temperature. 

3.  The  Ncdure  of  the  Working  Fluid. — For  the  purpose  of 
showing  the  nature  of  the  working  fluid  we  have  constructed 
Table  I.  It  will  be  seen  from  this  that  a  mixture  of  6*760 
cubic  feet  of  air  and  coal-gas  becomes,  after  complete  combus- 
tion, 6*4977  cubic  feet  of  carbonic  acid,  water-vapour,  and 
nitrogen,  reduced  to  the  same  pressure  and  temperature  with- 
out condensation  of  the  water- vapour.  Now  as  there  is  always 
an  excess  of  air,  and  as  the  mixture  before  combustion  has 
added  to  it  nearly  six  cubic  feet  of  the  products  of  previous 
combustions,  we  have  something  like  13*3  cubic  feet  before 
combustion  becoming  13*0377  cubic  feet  after  combustion,  at 
equivalent  pressures  and  temperatures.  The  contraction  is 
only  about  2  per  cent.  We  therefore  conclude  that  we  may 
regard  the  fluid  in  a  gas-engine  as  a  fluid  which,  however  it 
may  receive  heat,  obeys  approximately  the  characteristic  law, 

•^  constant 

(where  p  is  pressure,  v  volume,  and  T  the  absolute  tempera- 
ture), in  so  far  as  mechanical  actions  are  concerned.  That  is, 
we  may  speak  of  it  as  a  perfect  gas,  which  receives  heat  from 
without,  neglecting  the  fact  thai  it  is  its  own  molecular  energy 
which  appears  as  heat.  It  is  also  approximately  true  that  the 
ratio  of  the  specific  heats  of  the  fluid  is  unchanged  by  com- 
bustion taking  place. 

In  Table  II.  we  give  a  similar  comparison  for  Dowson  gas  :^ 

2*1325  cubic  feet  of  combustible  mixture  become  1*9143 
cubic  feet ; 
or,  taking  into  account  the  clearance-space  and  its  products  of 
past  combustions,  we  have,  say, 

4  cubic  feet  bfecoming  3'7818  cubic  feet ; 
or  contracting  by  nearly  5^  per  cent,  of  its  volume. 

In  Tables  III.  and  lY.  we  calculate  the  specific  heat  of  a 
mixture  of  1  cubic  foot  of  coal-gas,  5*76  cubic  feet  of  air,  and 
4*6  cubic  feet  of  products  of  a  previous  combustion,  before 
and  after  combustion  takes  place.  The  Centigrade  scale  of 
temperature  is  employed. 

In  Tables  Y.  and  YI.  similar  calculations  are  made  for  the 
usual  mixture  of  Dowson  gas  with  air  and  products  of  previous 
combustion. 
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Table  III. — Coal-Gas  before  Combustion, 
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Constituent. 

Amount 
in  fluid. 

Speoiflo 
heat  at 
constant 
pressure 
per  unit 
Tolume. 

Spedflo 
heat  at 
constant 
Tolume 
per  unit 
Tolume. 

Cubic  feet. 
9- 

Op. 

0^ 

ffip. 

20- 

Hydrog^en  

Carbon  monoxide 
Marsh-gas 

0-46 

0-076 

0-3950 

0-0380 

00050 

0-0200 

5-76 

4-5 

•2359 

•237 

•3277 

•4106 

•237 

•2984 

•2374 

•2581 

•99  X168 
1 

1^54      , 
2-03      „ 
I 

136      ,. 
1 
1124    „ 

•1085 
•0178 
•1294 
•0156 
•0012 
•0060 
13680 
11614 

•4554  X  168 
•0750    „ 
•6062    .. 
•0771    „ 
•0050    „ 
•0272    .. 
5760      „ 
5'058      „ 

defiant  gas    

Nitr(^n     

Water-Tapour  ... 

Air ....,...,,- 

Products    

Total 

11-253 

28079 

12-066  Xl68 
or  2-027 

Or  Cp=0-2496,    Co=01802.        Ratio  l-:i85. 

Table  IV.— ( 

Ooal-Gkis  after  Combustion 

. 

Cubic  feet. 
9- 

Op. 

C 

qOp. 

gOp. 

Water-vapour  ... 
Carbon  dioxide... 

1-3714 
0-5714 
45564 

•2984 
■a307 
-2370 

1-36  X  168 
1-66     „ 
1 

•4092 

-1889 

1-0790 

1-865  x-168 
•8855    ,, 
4-6554    „ 

Total 

16771 

7-3059  x  168 
or  1-227 

Or  Cp=0-2581,    Cr=0-1889.        Ratio  1367. 

Table  V. — Dowson  Gas  before  Combustion. 


-♦ 

Cubic  feet 
9' 

Op. 

a. 

90p. 

9Cv. 

Hydrogen 

-1873 
•2507 
•0031 
•0031 
•4898 
■0667 

11325 

2 

•2359 

•237 

•3277 

•4106 

•237 

•3307 

•2374 

•2594 

-99     X168 
1 

1-64        „ 
2-03        „ 
1             i> 
1-66        „ 
1 
11323    ., 

•0442 
•0594 
•0010 
•0013 
•1161 
•0217 
•2689 
•5188 

•1854  X  168 
•2507    „ 
■0048    „ 
•0063    „ 
•4898    „ 
•1018    . 
11325    „ 
2-2646    ., 

Carbon  monoxide. 
Marsh-gas  ...t..... 

Oleflautgas  

Carbon  dioxide... 
Air 

Products    

Total 

41322 

1-0814 

4-4359  X  168 

•2496 

10735  X  168 
or   1803 

Ratio 1-385. 
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Table  VT. — Dowson  Gas  after  Combustion* 


?• 

Op. 

o«. 

SOp. 

qO^ 

Water-rapour  ... 
Carbon  dioxide... 
Nitrofffin    

0-2019 
0-3279 
13845 

•2034 
•3307 
•2370 

1-36  X -168 
1-55     „ 
1 

•0602 
•1084 
•3281 
4967 

•2746x168 
•6083    ., 
1-8846    „ 
21674    „ 

Total 

1-9143 

•2594 

11323  X -168 
or   1902 

Batio  1-3637. 

The  specific  heats  here  given  are  those  of  the  constitnents 
in  the  cold  state*  Seeing,  however,  that  there  is  no  great 
change  due  to  combustion,  we  may  for  many  practical  pur- 
poses assume  that  the  specific  heats  remain  the  same  at  all 
temperatures.  We  have  less  right  when  using  Dowson  gas 
than  when  using  coal-gas  to  make  our  assumption,  which  ia 
that  the  fluid  in  the  gas-engine,  from  the  beginning  of  its 
compression  until  it  is  allowed  to  escape,  behaves  like  a  perfect 
gas,  receiving  heat  from  an  outside  source. 

4.  Study  of  the  Sluipes  of  the  Compression  omd  JEa^pansion 
parts  of  the  JDiagram. — ^The  first  problem  which  comes  before 
ns  is  the  determination  of  the  shape  of  the  indicator-diagram. 
For  the  sake  of  illustration  we  mean  to  investigate  the  series 
of  diagrams  shown  in  fig.  1,  diagrams  taken  from  a  6-horse 
power  Otto  engine  at  the  Finsbury  College^  using  coal-ga?. 
It  will  be  observed  that,  although  the  ignition  parts  of  the 
various  diagrams  differ  greatly,  on  account  of  differences  in  ttie 
amounts  of  gas  supplied,  the  curves  agree  in  their  compression 
and  expansion  parts.  It  is  known  to  us  that  the  clearance- 
space  is  0*4  of  the  whole  space  occupied  by  fluid  when  the 
piston  is  fully  at  the  end  of  its  stroke.  If  \  is  the  distance  in 
feet  passed  through  by  the  piston  from  the  end  of  its  stroke, 
the  stroke  being  1^  foot,  the  clearance  is  0*889  foot,  and 
X+ 0*889^  or  I  feet  expresses  the  volume  of  the  fluid  at 
any  instant.  MeasnrementjB  of  I  and  p  were  made  on  the 
expansion-curves  of  the  indicator-diagrams,  and  tabulated 
with  log  I  and  \ogp» 

We  are  making  arrangements  for  measuring  the  clearance- 
space  with  accuracy.     The  above  assumption  is  made  from 
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statements  of  the  mannfactnrers;  and  maj  possibly  be  slightly 
in  error.  Such  an  error  is  of  bat  small  importance  to  us  at 
present^  as  oar  object  is  to  teach  a  method  of  stady  rather 
than  to  give  results  of  the  ose  of  the  method. 

If  we  assume  the  law  of  the  expansion-curve  to  be 

pl^  constant^ 

we  havelog|)+mlog/=A:;  so  that  when  we  plot  log  j>  and 
log  I  on  squared  paper  as  coordinates  of  points^  these  points 
ought  to  lie  in  a  straight  line  if  our  assumption  is  correct. 
Fig.  2  (PI.  X.)  shows  how  the  points  determined  by  the  mea- 
sured numbers  lie  ;  and  it  is  obvious  that  they  lie  very  nearly 
in  a  straight  line.  Taking  the  straight  line  which  lies  most 
evenly  among  them^  we  find  that  it  is  defined  by 

log  Z=0-313,    when  logp=l-7, 
logZ=0-0425,  when  log^=2-l. 


Hence 


Hence 
Now 


l-7  +  0-313m=*, 
2-1 +0-0425  m= A. 


m=  1*479  and  ;[;»2'1629. 

log  145-5  =  2-1629. 
Hence  the  law  of  expansion  is 

pZi-<7P=  145-5 (1) 

In  the  same  way  we  find  that  the  law  of  the  compression- 
curve  is 

jpP»«=39-36 (2) 

It  is  obvious  that  the  expansion-curve  (1)  is  steeper  than  the 
adiabatic^  if  we  assume  that  the  ratio  of  specific  heats  of  the 
fluid  is  1*37;  as  the  equation  of  the  adiabatic  curve  is 

pl^'^^sz  constant 

Again,  the  compression-curve  (2)  has  less  slope  than  the 
adiabatic. 

5.  Influence  of  Vibrations  of  the  Indicator-epring. — ^We  wish 
to  point  out  that  it  is  exceedingly  necessary,  in  obtaining  the 
law  of  expansion,  to  take  many  points  in  the  curve,  and,  either 


Digiti 


zed  by  Google 


166  PROFESSORS  AYRTON  AND  PERRY  ON  THE 

by  using  the  algebraic  method  or  by  the  use  of  squared  paper, 
to  determiue  the  most  probable  values  of  the  constants. 
Engineers  are  constantly  in  the  habit  of  determining  these 
constants  from  measurements  of  the  coordinates  of  two  points 
only  in  the  curve,  forgetting  that  the  position  of  either  point 
may  be  much  influenced  by  the  vibrations  of  the  spring  of 
the  indicator.  The  sinuous  shape  of  the  expansion -curve  is 
specially  noticeable  in  the  early  part  of  the  expansion-curves 
of  gas-engine  diagrams. 

It  is  further  to  be  remarked  that  the  vibration  of  the  indi- 
cator-spring is  very  visible  in  the  expansion  part,  because  we 
have  every  reason  to  believe  that  the  expansion  part  ought  io 
have  no  sinuosities ;  but  it  is  our  belief  that  this  vibration  has 
its  eifect  on  the  explosion  part  of  the  curve  as  well,  and  that 
it  is  of  the  utmost  importance  to  find  some  means  of  elimina- 
ting the  effects  produced  by  these  vibrations  of  the  indicator- 
spring. 

In  our  communication  to  the  Journal  of  the  Society  of 
Telegraph  Engineers,  p.  391,  vol.  v.  (1876),  we  showed  how 
to  eliminate  such  vibrations  in  any  case  where  the  effect  to  be 
measured  followed  a  regular  law  of  increase  or  diminution,  as 
in  the  case  of  the  expansion  part,  of  this  indicator-diagram. 
We  have  not  yet  sufficient  information  to  enable  us  to  employ 
this  method  on  the  explosion  part. 

The  rule  which  we  arrived  at  is  as  follows : — Draw  two 
curves,  A  and  B,  through  the  highest  and  lowest  points  of  the 
wavy  curve  which  represents  the  actual  observations :  draw 
ordinates :  the  7)oints  of  bisection  of  the  parts  of  the  ordinates 
intercepted  between  A  and  B  lie  on  the  correct  curve. 

6.  Empirical  Formvlafor  the  whole  Diagram, — Now,  inas- 
much as  the  compression  and  expansion  parts  of  all  the  curves 
follow  the  same  laws,  it  would  seem  to  be  important  to  obtaia 
one  general  formula  for  all  the  diagrams  with  one  or  more 
variable  parameters.  We  have  found  that  when  we  produce 
the  expansion-curve  (using  formula  1),  as  shown  at  B  M  (fig.  1), 
and  when  we  divide  the  pressure  Q  B  at  any  part  of  the  stroke 
by  the  corresponding  ordinate  L  B  of  the  expansion-curve, 
doing  this  for  many  parts  of  the  stroke,  we  get  the  ordinate  of 
an  interesting  curve.  We  have  done  this  for  the  four  dia- 
grams of  fig.  1,  and  obtain  the  four  curves  A  Q  B  D,  A  E  C  D, 
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A.  F  D,  A  G  H  of  fig.  3.  From  a  study  of  these  curves,  which 
are  nearly  formed  of  straight  lines,  it  will  be  found  that  the 
ignition  and  expansion  parts  of  any  diagram  satisfy  approxi- 
mately the  law 

p = 145-5  r  ***7^  V  +  nK^s/{tc^n\y  +  s\.     .     .     (3) 

The  smaller  the  value  of  s  the  more  nearly  do  the  curves  of 
fig.  3  approach  straight  lines.  In  our  present  case  \= i— 0'889, 
«'=0-6343,  /r=0-3637;  « =0-0087,  and  n  has  diflerent  values 
for  the  four  diagrams.  These  constants  are  evidently  easily 
calculated  from  (tny  diagrams.  For  the  curve  shown  as 
A  B  C  D  in  fig.  1  (PI.  X.)  the  value  of  n  is  2-2876.  Using  this 
value  and  calculating  p  for  the  following  values  of  Z,  we  have 

Table  VII. 


X. 

I, 

ObeerFed. 

P- 

Expansion- 

curve 

calculated. 

P- 

0 

•889 

45 

45 

173 

•061 

•950 

86 

83 

167 

•111 

rooo 

108 

108 

146 

•170 

1059 

128 

124 

134 

•211 

1100 

126 

125 

126 

•311 

1-200 

111 

111 

HI 

•611 

1-400 

88 

88 

89 

•711 

1-600 

72 

73 

73 

•911 

1-800 

60 

61 

61 

Mil 

2^000 

52 

52 

52 

The  differences  between  the  observed  and  calculated  values 
ofp  are  within  the  limits  of  errors  of  observation  therefore. 
It  may  be  that  there  is  a  discontinuity  in  the  ignition-curve 
at  X=*061  for  a  mixture  of  gas  and  air;  but  no  discontinuity 
shows  ii*<elf  in  the  indicator-diagram  in  a  sufiiciently  marked 
manner  to  be  distinguished  from  vibrations  due  to  the  spring 
of  the  indicator. 

As  we  have  already  stated,  the  recentness  of  the  last  explo- 
sion afiects  the  temperature  of  the  mixture  of  gas  and  air, 
and  therefore  the  mass  of  the  mixture.  Hence  we  often  find 
that  the  expansion  part«  of  successive  indicator-diagrams  do 

VOL.  VI.  N 
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not  coincide.     The  law 

where  id ^  /c,  and  n  are  constants^  satisfies  all  the  diagrams. 

n  is  a  constant  whose  value  depends  on  the  point  in  the 

stroke  at  which  the  maximum  pressure  occurs  ;  and  this, 

for  a  given  speed  of  engine^  depends  principallj  on  the 

proportion  of  gas  to  air  in  the  mixture ; 

M  is  a  constant  which  depends  on  the  recentness  of  the  last 

explosion. 
7.  Simple  FormulcBfor  the  Ignition  and  Expansion  parts  oj 
the  Diagram. — The  complete  formula  (3)  assumes  no  want  of 
continuity  in  proceeding  from  the  ignition  to  the  expansion 
part  of  the  diagram.  For  the  sake  of  ease  in  practical  calcu- 
lations we  may,  however,  assume  that  the  ignition-  and  expan- 
sion-curves are  quite  discontinuous,  employing  some  method 
of  indicating  continuity  when  results  are  plotted  on  squared 
paper.  In  this  case  we  assume  that  the  lines  of  fig.  3  are 
quite  straight,  so  that 

the  ignition  part  of  curve  is  (a  +  AX.)^^"*,      .     .     (4) 
the  expansion  part  of  curve  is  acZ"" (5) 

In  our  diagrams, 

K^Uh%     m=l-479; 
Also  a=0-257. 

Incurve  AB CD,  ft=4-372; 

„      AED,  i=l-457; 

„      AFD,  ft =0-782; 

„      AGH,  6=0-313. 

To  use  formula  (4)  in  any  given  case.  Find  by  the  method 
already  given  in  §  4  the  constants  of  equation  (5)  to  the  ex- 
pansion part.  Assume  that  the  ignition  is  complete  when 
XssXj.  Let  the  pressure  at  the  beginning  of  the  stroke  be  j^o ; 
calculate  the  value  of  /ei""  when  X=0,  that  is,  when  Z=clear- 
ance  or  Iq,  say;  then 

Po-^^'o"""*  is  a, 
*°^  a  +  6\i=l; 

so  that  i«_Q 

^       1  — -2?/- 
^'  a=£5/rand6= — • 
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8.  The  Bate  at  which  the  Fluid  receives  Heat  as  calculated 
from  its  Volume  and  Pressure. — ^We  shall  now  proceed  to  cal- 
cnlate  the  heat  received  bj  the  fluid.  This  we  shall  do  as  if^ 
instead  of  there  being  combustion  going  on  among  the  par- 
ticles of  the  fluid,  we  had  the  fluid  a  perfect  gas  receiving 
heat  from  a  great  number  of  little  furnaces,  or  pieces  of  hot 
wire  immersed  in  the  fluid.  Besides  the  heat  here  considered 
we  have  the  heat  radiated  to  the  cold  cylinder. 

If  A  is  the  area  of  the  piston  in  square  inches,/?  the  pressure 
of  the  fluid  in  pounds  per  square  inch,  and  /  the  distance 
moved  through  by  piston  in  feet,  the  work  done  by  the  fluid 
on  the  piston  in  an  element  of  length  dl  is 

Ap  dl  foot-pounds. 

It  is  evident  that  if  we  represent  the  heat  which  is  received 
by  the  fluid  in  the  length  dl  by 

A;  dl  foot-pounds, 

we  may  regard  q  as  the  rate  (per  foot-travel  of  the  piston)  at 
which  heat  is  received  by  the  fluid,  just  in  the  same  sense  as  p 
the  pressure  is  the  rate  at  which  work  is  done  by  the  fluid  ; 
and  a  comparison  of  q  and  p  shows  at  once  the  comparison 
between  the  rates  at  which  heat  is  being  received  and  work  is 
being  done. 

Now,  since  we  consider  the  fluid  to  behave  like  a  perfect 
gas,  we  know  from  thermodynamics  that 

'-,4i(7P+'t> w 

where  7=  1*37  (see  §§3  and  4)  ;  and  it  is  obvious  that  the 
relation  of  p  to  9  is  not  altered  in  any  way  by  altering  the 
scale  to  which  I  or  p  18  represented  in  the  indicator-diagram. 
We  have  taken  three  methods  of  drawing  the  curve  whose 
ordinate  is  q.  In  the  first  method  a  list  of  the  values  of 
p  was  made  out  from  careful  measurements  of  the  curve 
ABCD  (fig.  1),  for  values  of  /,  0-889,  0-9,  0-911,  0-922, 
0*933,  0*944,  &c.    The  observed  increment  of  p  divided  by 

the  increment  of  /  was  taken  to  represent  the  value  of  -^  for 

the  mean  value  of  I.  In  this  laborious  way  q  was  obtained 
for  many  values  of  /,  and  the  curve  E  F  G  H  (fig.  4)  repre- 
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sents  our  result.  It  is  obvions  that  tbe  rate  at  i;rhich  the 
flnid  receives  heat  is  greatest  at  the  very  beginning  of  the 
stroke^  falling  off  daring  the  ignition  period,  mnch  more 
rapidly  at  the  end  of  the  ignition  period  ;  and  in  G  H  we  see 
that  itie  fluid  is  losing  heat  during  what  we  call  the  ex- 
pansion part  of  the  stroke.  In  the  same  figure  the  actual 
indicator-diagram  is  shown  in  ABCD,  the  pressure  being 
shown  to  the  same  scale  as  the  ordinate  of  the  heat-diagram. 

The  area  between  E  F  G  H,  the  line  OX,  and  any  two  ordi- 
nates,  shows  in  foot-pounds  the  heat  given  to  the  fluid  between 
the  two  positions,  to  the  same  scale  as  that  to  which  the  area 
of  the  indicator-diagram  represents  work  done. 

Another  method  which  we  have  taken  is  this.  To  find  q 
corresponding  to  a  point  S  (fig.  5)  on  the  indicator-curve. 
Draw  a  tangent  S  B  to  the  indicator-curve,  meeting  the  line 
0  P  in  R.  0  P  and  0  L  are  the  lines  0  P  and  0  L  of  fig.  1. 
Draw  from  B  a  line  B  Q  parallel  to  0  L,  meeting  the  ordinate 
from  S  in  the  point  Q.  Then  the  distance  S  Q,  or  rather 
TS-TQ,  represents 

J  dp 

Measuring  S  Q,  therefore,  paying  attention  to  the  fact  that  it 
may  be  negative  or  positive,  adding  to  it  7  times  S  T  and 
dividing  by  7— 1;  we  obtain  the  ordinate  q  of  the  heat-curve. 
Another  method  is  to  calculate  q  as  given  in  (6),  by  actual 
differentiation  of  ^  as  given  in  (3).  We  have  employed  this 
method,  and  believe  that  our  result,  in  which  the  early  part 
of  the  curve  E  F  (fig.  4)  is  less  steep  than  there  shown,  is 
probably  more  nearly  true  than  what  is  given  in  fig,  4.  We 
do  not  put  our  result  forward  at  present  because  there  may  be 
a  discontinuity  in  the  explosion  part  of  the  curve,  as  Table  VII. 
shows  that  at  \='061  the  empirical  formula  does  not  give  the 
observed  pressure;  and  until  we  know  how  to  eliminate  vibra- 
tional effects  of  the  indicator-spring,  we  have  preferred  only 
to  publish  the  curve  E  F  G  H  which  has  been  obtained  from 
the  actual  diagram,  the  expansion  part  only  having  been  cor- 
rected for  vibrations.  As  we  know  that  the  expansion  part 
follows  a  law 

p^tcl'^, 
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it  is  obvioQS  that 

being  proportional  to  the  pressure.  Now^  comparing  this 
result  with  the  part  G  H  (fig.  4),  we  see  that  G  H  is  not  quite 
correct,  although  determined  from  most  careful  measurements 
of  the  indicator-diagram.  We  see  here  an  illustration  of  the 
great  importance  of  obtaining  a  formula  such  as  that  given  in 
(3)  for  the  shape  of  the  indicator-diagram. 

9.  Total  Heat  arid  Work  of  One  Cycle. — The  integral  of  q.dl 
multiplied  by  the  area  A  of  the  piston  in  square  inches  gives 
the  total  heat  received  by  the  fluid  during  any  part  of  the 
stroke,  and  is  evidently 

J«l  ^    ^  J/, 

Taking  from  the  diagram 

;?i-=44-5,    /i=  -889, 

jos=49-0,     /2=2089, 

80  that  Zs— ?i=l-2  foot  (Z,  corresponds  to  the  part  of  the  stroke 
at  which  the  exhaust-valve  opens),  it  is  evident  that 

]q.dl=l69'5+y'p.dL    ....    (7) 

Or  if  Qm  is  the  mean  value  of  q  during  this  portion  of  the 
stroke,  and  if  p«  is  the  mean  value  of  ^,  then 

I'2q^=l69'5  +  V2p^, 
or 

y«,=  141-25 +/>«. 

We  find  from  the  diagram  that  7?,„=94*5,  so  that  j«=235"75. 

Now  1*2  Aq^  is  H,  the  total  heat  giveu  to  the  fluid  to  alter 
its  volume  and  pressure  until  the  exhaust-valve  opens ; 

1-333  Ax  61-52  is  the  indicated  work  W  of  the  cycle,  as 
calculated  from  the  total  indicator-diagram,  including 
the  dismission  and  suction  parts  not  shown  in  fig.  1. 

Hence  H=  ll^^^^W,  or  3-45 W. 
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As  we  know  that  combustion^  about  the  period  of  opening 
of  the  exhaust-valve^  is  just  sufficient  to  supply  the  loss  by 
radiation  to  the  cylinder  without  having  much  effect  on  the 
volume  and  pressure  of  the  fluid,  we  can  assume  that  any 
combustion  after  that  time  produces  heat  which  is  radiated  to 
the  cylinder.  We  are  told  that  there  is  no  combustion  in  the 
exhaust.  For  the  small  amount  of  combustion  after  the 
exhaust-valve  opens  we  do  not  see  our  way  at  present  to  the 
basis  of  any  but  the  very  roughest  assumption,  and  we  think 
that  attention  ought  to  be  paid  to  this  matter  in  future  inves- 
tigations. What  complicates  the  question  is  the  fact  that  the 
mass  of  the  fluid  which  radiates  heat  to  the  cylinder  rapidly 
gets  less  after  the  exhaust-valve  opens.  To  obtain  a  first 
approximation,  we  may  assume  that  the  heat  of  combustion 
after  the  exhaust-valve  opens  is  equal  to  the  work  done  in  the 
forward  stroke  after  that  time — that  is,  0*14  W. 

The  heat  retained  by  the  fluid  is  141-25  x  A  x  1-2,  or  1*94  W. 

The  gases  in  the  exhaust-pipe  close  to  the  cylinder  are 
known  to  have  a  temperature  not  much  greater  than  400^  C. 
Hitherto  it  has  been  customary  to  calculate  the  amount  of 
heat  carried  off  by  the  gases  through  the  exhaust-pipe  from 
the  heat-capacity  multiplied  by  the  difference  of  temperature 
from  that  of  the  atmosphere.  It  must  be  remembered,  how- 
ever, that  the  total  heat  of  combustion  of  coal-gas  contains  the 
latent  heat  of  the  steam  produced,  and  that  the  exhaust  gases 
carry  off  this  heat.  Hence  the  amount  of  about  0*95  W,  de- 
ducible  from  the  experiments  of  Messrs.  Brooks  and  Steward, 
niust  be  increased  by  two  thirds  of  itself,  giving  1-57  W  as  the 
energy  carried  off  by  the  gases  in  the  exhaust-pipe. 

Hence  (1  •94  — 1-57)  W,  or  0-37  W,  is  the  amount  of  energy 
which  is  lost  by  the  fluid  from  the  opening  of  the  exhaust- 
valve  until  the  fluid  is  passing  along  the  exhaust-pipe  outside 
the  cylinder.  This  is  largely  expended  in  heating  the  cylinder 
itself,  in  friction  at  bends  in  the  exhaust-valve,  &c. ;  so  that  it 
disappears  as  radiated  heat,  and  as  heat  given  to  the  water- 
jacket  during  the  remaining  parts  of  the  cycle.  Now  we  may 
safely  take  it  that  the  expenditure  of  gas  is  about  22  cubic 
feet  per  hour  per  indicated  horse-power;  so  that,  using  the 
heat  of  combustion  calculated  in  Table  I.,  the  total  energy  of 
combustion  of  the  gas  used  is  5*91  W  ;  and  we  are  now  in  a 
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position  to  make  the  following  table.     Of  the  5*91  W^  the 
total  energy  of  combnstion  of  a  charge,  we  have: — 

1*38  W.  Work   of  forward   working-stroke  till  exhanst- 

valve  opens. 
0*14  W.  Work  of  forward  working-stroke  after  exhansi- 

valve  opens. 
2*31  W.  Heat  given  to  the  cylinder  dnring  forward  work- 
ing  stroke  by   radiation   before    exhaust-valve 
opens*. 
0*14  W.  Heat  of  combustion   after   exhaust-valve   opens 

and  which  is  radiated  to  the  cylinder. 
1-57  W.  Heat  carried  off  by  gases  in  exhaust-pipe. 
0"37  W.  Given  to  the  cylinder  as  heat  after  the  exhaust- 
valve  opens,  partly  by  friction  at  the  exhaust- 
valve,  partly  during  the  succeeding  three  fourths 
or  non-working  parts  of  the  cycle. 
It  is  found  by  experiment  that  the  water  from  the  water- 
jacket  carries  off  somewhat  more  than  50  percent,  of  the  total 
heat  of  combustion,  or  2*96  W;  but  it  is  almost  impossible  to 
make  this  measurement  accurately  for  one  cycle.     It  is  some- 
times as  much  as  62  per  cent,  and  sometimes  as  little  as  35 
per  cent.     We  have  not  employed  such  a  measurement  here, 
partly  for  this  reason,  and  partly  on  account  of  the  rate  of  loss 
during  three  fourths  of  the  cycle  being  indeterminate.     Again, 
the  cylinder  loses  heat  by  radiation  as  well  as  by  the  water- 
jacket;  so  that,  even  if  we  could  assume  that  such  a  number  as 
50  per  cent,  is  correct,  we  are  still  not  in  a  position  to  state 
the  total  loss  of  heat  from  the  cylinder. 

*  It  may  be  well  to  state  here  that  we  do  not  know  with  certainty  the 
amount  of  gas  used  per  indicated  horse-power  when  the  particular  diagram 
which  we  are  discussing  was  being  taken,  nor  are  we  quite  sure  that 
Mr.  Clerk  is  right  in  saying  that  the  exhaust-gases  show  complete 
combustion  when  the  engine  is  working  to  its  full  power.  Our 
arrangements  for  determining  this  latter  point  are  now  nearly  complete. 
We  consider  that  there  was  no  possibility  of  the  expenditure  having  been 
less  than  20  cubic  feet  per  hour  per  indicated  horse-power  when  our  dia- 
gram was  taken ;  and  if  we  take  24  as  a  higher  limit,  and  assume  with 
Mr.  Clerk  that  combustion  is  complete  in  the  exhaust-pipe,  we  find  the 
amount  of  heat  given  to  the  cylinder  during  the  forward-working  stroke 
by  radiation  before  the  exhaust- valve  opens  could  not  have  been  less  than 
1-77  W,  the  higher  limit  giving  2-86  W. 
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It  is  to  be  remembered  that  W  is  the  indicated  work.  The 
useful  work  of  a  gas-engine,  given  out  by  the  crank-shaft,  is 
about  0'8  W,  there  being  an  expenditure  of  0'2  W  in  over- 
coming the  mechanical  friction  of  the  engine. 

10.  It  is  unnecessary  to  put  before  the  Society  the  curves 
obtained  by  us  by  employing  (6)  on  the  discontinuous  expres- 
sions of  §  7  for  the  indicator-diagrams. 

11.  Rate  of  Loss  of  Heat  hy  the  Fluid  during  Compression. — 
For  the  compression  part  of  the  diagrams, 

7=1-385, 
and 

p= 39-36  i'*^. 

Bate  at  which  heat  is  received  by  flaid  is  —  9^  if 

and  by  §  8, 

_       36-36  r^'^*(m-7) 
^  7-1 

-y=r~*39-S6x^, 
7-1 

m— 7=--081, 

7-1  =  '385. 
Therefore  the  rate  at  which  heat  is  received  by  fluid  is 

-0-2104  j9, 
being  proportional  to  the  pressure,  and  is  negative — that  is, 
the  fluid  is  radiating  heat  to  the  cylinder. 

12.  Rate  at  which  Fluid  radiates  Heat  to  cold  Cylinder. — 
It  was  found  by  the  pyrometric  measurements  of  Messrs. 
Brooks  and  Steward  that  the  temperature  of  the  products  of 
combustion  in  the  clearance-space,  if  there  has  been  a  recent 
explosion,  is  about  410°  C. ;  and  for  the  purpose  of  deter- 
mining the  temperature  of  the  fluid  before  compression,  they 
take  1'4  volume  of  coal-gas  and  9-25  of  air  at  22°  C.  with 
7*94  volumes  of  products  of  past  combustions  at  410°  C,  from 
which,  assuming  that  the  specific  heats  of  the  constituents  do 
not  alter  with  temperature,  they  find  that  the  temperature  of 
the  mixture  before  compression  is  120°  C.  This  is  sufficiently 
correct  for  our  present  purpose,  and  if  we  take  it  as  the  tempe- 
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ratare  when  Zss 2*222,  po^U'lj  we  can  find  the  iemperatare 
corresponding  with  any  point  of  any  of  the  indicator-diagrams. 
We  have  made  the  calcolations  for  varions  points  on  cnnra 
A  B  0  D  (fig.  1),  knowing  that  j9/-s-T  is  constant  (see  §  3). 

Table  VIII- 


I. 

P- 

Absolute 

tempem- 

ture. 

T. 

Tempera- 
ture of 
fluid. 

^-6tpa 

Ordinate  of 
aemioirole. 

Batio. 

•889 

44-5 

476 

203 

143 

0 

00 

•949 

86 

982 

709 

649 

28 

23-18 

•989 

106 

1244 

974 

914 

35-5 

25-74 

1-069 

126 

1644 

1371 

1311 

48 

27-33 

-1-389 

90 

1496 

1223 

1163 

66 

17-89 

1-689 

66 

1344 

1071 

1011 

66 

15-32 

2-089 

49 

1231 

958 

898 

40 

22-45 

From  some  diagrams  examined  by  ns  we  find  that  the  fluid 
may  have  as  high  a  temperature  as  1900^  C. 

The  temperature  of  the  water  leaving  the  water-jacket  was 
about  60°  C. ;  and  we  may  for  our  purposes  assume  that  the 
rate  at  which  the  fluid  loses  heat  to  the  cylinder  is  proportional 
to  the  excess  of  its  temperature  above  60®  0,,  so  that  *— 60° 
represents,  to  some  scale,  the  fluid's  loss  of  heat  to  the 
cylinder  per  second.  This  rate  of  loss  is  shown  on  the  curve 
A  B  (fig.  6;. 

Now  if  H  is  the  quantity  of  heat  which  has  been  given  by 

the  fluid  to  the  cylinder-jacket  at  the  time  t,  then  -j-  is 
represented  by  the  ordinate  of  the  curve  A  B.     But 

dE^dHdr        dE     dK 

dX  ^  dr  dK        rfr  "^  rfr  * 

and  as  the  piston-motion  is  very  nearly 

X=r(l—  cos  ar), 
dK 


-j-sErasmar; 
ar 


dK 


that  is,  -7-  is  proportional  to  the  ordinate  of  a  semicircle  OE  F. 
Describing  the  semicircle  C  E  F  with  a  diameter  equal  to  the 
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lengtli  of  the  stroke,  and  dividiDg  the  ordioates  of  A  B  bj 
.those  of  CE  F,  we  obtain  the  curve  G  H  I,  whose  ordinate  at 
any  point  represents  the  rate  of  the  fluid's  loss  of  heat  to  the 
cylinder  per  foot  of  piston-motion  ;  so  that  the  whole  area 
C  G  H  I F  represents  the  total  loss  of  heat  to  the  oold  cylinder 
during  the  stroke.  We  are  in  a  position  to  speak  of  the  loss 
of  heat  from  X=0  to  X=l*2  (see  §  9). 

This  loss  innst  be  represented  on  the  diagram  to  the  same 
scale  as  the  indicator-diagram  represents  work  done,  and  it  is 
expended  in  the  part  of  the  working  stroke  from  X^O  to 
X=1'2.     Hence  if  k  is  the  mean  ordinate  of  snch  a  diagram, 
A=2'31  X  61-52  X  l'330-r-l-2  =  158. 

Now  the  mean  ordinate  of  the  carve  G  H I  (fig.  6)  from 
XsO  to  X=:1'2  being  taken  and  found  difierent  from  158,  all 
the  ordinates  of  G  H I  (fig.  6)  have  been  diminished  in  the 
proportion  of  158  to  the  mean  ordinate  of  G  H I  (fig.  6)  to 
get  the  diagram  X  L  T  of  fig.  4.  This  diagram  X  L  Y  repre- 
sents the  rate  of  loss  of  heat  by  conduction  and  convection 
from  the  fluid  to  the  cylinder  during  the  working  stroke  until 
the  exhaust-valve  opens. 

13.  RcUe  at  which  Combustion  goes  on  during  the  Stroke. — 
The  curve  E  F  G  H  represents  the  rate  at  which  heat  is  actu- 
ally gained  by  the  fluid,  and  X  L  Y  shows  the  rate  at  which 
heat  is  wasted  to  the  cylinder;  so  that  the  curve  IJKY 
shows  at  every  point  the  rate  at  which  heat  is  being  generated 
in  the  fluid  by  combustion.  It  is  obvious,  then,  that  combus- 
tion is  not  complete  at  the  end  of  the  explosion  part  of  the 
curve,  although,  as  Mr.  Clerk's  experiments  prove,  the  mix- 
ture of  air  and  gas  is  in  the  proper  proportions  for  explosion 
immediately  behind  the  piston  at  all  periods  of  the  compres- 
sion-stroke. The  diagram  IJ  K  Y  is  specially  valuable,  as 
showing  the  efiect  of  dissociation  of  the  products  of  combus- 
tion at  such  temperatures  as  obtain  in  the  gas-engine,  and  are 
shown  in  Table  VITI. 

PosTSORTPT,  added  June  10th, — We  have  assumed  in  the 
paper  that  the  rate  of  loss  of  heat  by  radiation  and  convection 
is  proportional  to  the  difierence  between  the  mean  temperature 
of  the  fluid  and  the  temperature  of  the  cylinder.  When  we 
have  more  information  concerning  the  distribution  of  heat  in 
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the  fluid,  and  the  way  in  which  a  heated  fluid  loses  its  heat  to 
a  cold  enclosing  vessel;  a  more  accurate  assumption  may  be 
made;  and  it  is  easy  to  see  what  alteration  this  will  introduce 
in  our  method  of  obtaining  the  curve  X  L  Y  (fig.  4). 

It  is  known  from  the  experiments  of  MM.  Dulong  and  Petit 
that  the  rate  of  cooling  by  radiation  and  convection  of  a  solid 
body  increases  more  rapidly  than  the  difference  of  tempera 
ture,  and  that  it  is  greater  at  greater  pressures  of  the  gaseous 
medium  between  the  hot  body  and  the  surrounding  cold  vessel. 

We  are  now  engaged  in  an  investigation  involving  much 
higher  differences  of  temperature  than  those  of  MM.  Dulong 
and  Petit ;  and  in  so  far  as  we  have  obtained  results  for  tem- 
peratures extending  from  about  800*^  C.  to  1300°  C,  we  have 
confirmed  the  conclusions  of  these  gentlemen.  Thus  the  loss 
of  heat  per  second  at  776°  C.  being  97-2,  the  loss  at  1292°  C. 
is  253-2. 

Our  method  of  experimenting  is,  we  believe^  new.  The 
heated  body  is  a  spiral  of  platinum,  whose  change  of  electric 
resistance  when  there  is  change  of  temperature  is  known.  It 
is  surrounded  by  a  vessel,  blackened  inside  and  maintained  at 
constant  temperature.  An  electric  current  is  made  to  pass 
through  the  platinum  spiral,  maintaining  it  at  any  required 
temperature.  An  ammeter  and  voltmeter  enable  the  current 
A  and  the  difference  of  potentials  Y  between  the  ends  of  the 
platinum  spiral  to  be  measured.  Then  YA  is  the  rate  at 
which  heat  is  being  radiated  from  the  platinum,  and  Y  /  A  is 
the  electric  resistance  of  the  platinum,  f]*om  which  its  tempe- 
rature is  known.  We  intend  to  investigate  the  influence  of 
high  pressuras  of  air  and  other  gases. 

We  are  somewhat  doubtful  as  to  the  weight  which  we 
ought  to  give  to  the  results  obtainable  from  these  experiments 
on  the  loss  of  heat  by  solid  bodies,  since  in  our  gas-engine 
investigations  we  deal  with  a  mixture  of  hot  gases ;  and  in 
adopting  the  law  of  simple  proportionality  to  difference  of 
temperature,  we  have  been  influenced  by  the  fact  that  rate  of 
Joss  of  heat  by  the  fluid  in  the  compression-stroke  increases 
much  more  slowly  than  is  indicated  in  Dulong  and  Petit's 
law,  although  the  pressure  of  the  fluid  is  increasing  as  well  as 
its  temperature.  The  result  given  in  §  11  is  to  the  effect  that 
during  compression  the  rate  of  loss  of  heat  by  the  fluid  is 
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nearly  proportional  to  the  }f  power  of  the  absolute  tempera- 
tare  of  the  fluid,  or  to 

(^+333)**, 

if  0  is  the  difference  of  temperature  from  60^  C,  the  tempe- 
rature taken  as  that  of  the  cold  cylinder.     If  ^  is  this  rate  of 

loss,  it  is  obvions  that  -^  diminishes  as  0  increases.     It  will 

be  observed  that  the  probability  of  the  piston's  having  a  high 
temperature  causes  this  result  to  be  even  more  curious  than  it 
might  otherwise  appear  to  be. 
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XIV.  On  Scdt-Solulions  and  Attached  Water. 
By  Frbdbrick  Guthkie  *. 

VIIL 

[The  paragraphs  are  numbered  in  sequence  with  those  of  my  memoir 
on  Eutezia,  anteH,  p.  146.] 

§  232.  Introduction. — When,  some  ten  year  sago,  the  first 
experiments  in  this  subject  were  brought  before  die  Physical 
Society,  it  was  pointed  out  that  the  key  to  the  temperature 
of  any  salt-ice  freezing-mixture  was  to  be  found  in  the 
temperature  of  fusion  of  the  cryohydrate  of  that  salt.  Since 
then  further  light  has  been  thrown  upon  the  subject  by 
the  discoveries  and  observations  of  others.  Thus,  Ditto  has 
obtained  a  hydrate  (probably  a  subcryohydrate)  of  hydro- 
chloric acid,  and  Wroblewski  has  obtained  a  similar  hydrate 
of  carbonic  acid.  Pettersson,  in  his  exhaustive  study  of 
marine  ice,  made  in  the  *  Vega '  expedition,  has  explicitly 
admitted  that  the  phenomena  presented  by  freezing  and  frozen 
sea- water  can  only  be  satisfactorily  explained  by  the  formation 
and  properties  of  the  cryohydrate^.     Though  this  tacit  corro- 

•  Read  May  24,  1884. 
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boration  or  explicit  adoption  hj  foreigners  of  the  yiews  I 
ventured  to  advance  has  given  me  perhaps  more  satisfaction 
than  if  they  had  been  only  accepted  by  English  physicists,  I 
may  be  allowed  to  express  some  regret  that  the  latter  do  not 
yet  appear  to  be  awake  to  the  interest  and  importance  of  the 
subject.  It  gives  me,  therefore^  unnsual  pleasure  to  offer  them 
this  my  eighth  memoir  on  this  branch  of  Molecular  Physics. 

In  this  memoir  I  shall  first  make  a  study  of  the  ammonia 
group  in  its  behaviour  with  water.  I  add  a  little  to  our 
knowledge  of  ammonia  itself  in  this  r(«pect.  Then  are 
examined  the  effects  of  replacing  one  or  more  of  the  hydrogen 
equivalents  by  ethyl.  Then  will  be  described  in  some  detail 
the  behaviour  with  water  of  some  aniline  salts. 

Secondly  (§§  249-255);  I  shall  shift  the  region  of  my 
inquiry  upwards  on  the  thermometric  scale,  and  include  in  it 
temperatures  at  which  the  solid  fuses  per  ee^  and  shall  thus 
establish  the  continuity  of  the  phenomena  of  fusion  with  those 
of  solution,  making  clear  the  fact  that  certain  bodies,  originally 
solid,  may  at  high  temperatures  become  miscible  with  water 
in  all  proportions.  It  will  be  shown  how  this  latter  branch  of 
the  inquiry,  apart  from  its  purely  physical  interest,  has  a  great 
geological  one,  as  it  throws  light  on  the  pyrohydration  of 
igneous  formations,  just  as  the  cryohydration  in  floes  has 
thrown  light  on  the  formation  of  those  masses. 

§  233.  Ammonia. — ^Anhydrous  ammonia^  NH3,  according 
to  Faraday  becomes  solid  under  a  pressure  of  20  atmospheres 
at  a  temperature  of  —  75°C.  According  to  Fourcroy  and 
Vauquelin,  a  perfectly  saturated  solution  (?  saturated  at  air- 
temperature)  freezes  between  —38°  and  —41^0.,  forming 
shining  flexible  needles;  at  —49^0.  it  freezes  to  a  grey 
gelatinous  mass. 

Starting  with  a  33*3-per-cent.  solution,  I  made  solutions  of 
various  strengths,  and  found  that  pure  ice  separated  from 
them  at  the  following  temperatures  : — 
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Table  XLV. 
Showing  Separation  of  Ice  from  Solution  of  Ammonia. 


Per  cent,  of 

Per  cent,  of 

Temperature 
of  b«;inning 
solidiioation. 

Body 

NH,. 

water. 

separated. 

1 

99 

-8-8 

Ice. 

3 

97 

-  3-2 

If 

6 

95 

-  5-6 

9t 

10 

90 

-12-8 

tt 

15 

85 

-21-4 

it 

20 

80 

-43-4 

t» 

Judging  by  the  analogy,  which  will  appear  more  clear  in 
the  sequel,  it  seems  that  the  body  mentioned  by  Fonrcroy  is 
a  subcryohydrate,  and  that  the  gelatinous  mass  mentioned 
still  contained  too  little  water  for  the  cryohydrate.  I  find 
that  a  33'3-per-cent.  solution  does  not  crystallize  at  —  80^C.; 
and  I  have  as  yet  been  unable  to  obtain  the  true  cryohydrate. 

§  234.  EthyUAmmonuu. — ^The  ammonias  whose  relation- 
ship to  water  have  next  to  be  described  were  obtained  from 
Kalilbaum  of  Berlin.  They  were  verified  by  means  of  their 
boiling-points,  their  platinum  double  chlorides,  and  by  titration 
with  standard  hydrochloric  acid.  Those  which  I  here  employ 
were  found  to  be  pure. 

§  235.  Ethylamine.  Boils  at  IS""  C— The  solutions  of  this 
base  were  made  by  dropping  an  indefinite  quantity  into 
a  narrow-necked  weighed  bottle,  putting  in  the  stopper, 
Weighing,  surrounding  by  a  freezing-mixture,  and  running 
in  tiie  proper  quantity  of  distilled  water  from  a  burette. 
When  the  quantity  of  water  was  small,  it  was  dropped  in 
from  a  capillary  tube  until  the  proper  weight  was  reached. 

The  first  five  solutions,  namely  those  containing  0*99,  5, 
10, 15,  and  20  per  cent,  of  ethyl-ammonia  (NHsOsHs),  showed, 
on  cooling,  the  separation  of  the  easily  recognizable  ice- 
crystals.  On  further  cooling  the  20-per-cent.  solution,  the 
separating  crystals  became  opaque,  betraying  the  cryohy- 
drate; this  occurred  at  — 13^*9,  whereupon  the  temperature 
became  stationary.  After  ten  or  twelve  grams  had  solidified 
at  — 13^'9,  the  remaining  liquid  was  poured  into  a  fresh  tube 
and  reduced  to  the  same  temperature.  The  same  operation 
having  been  performed  three  times,  the  liquid  was  considered 
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pure  ;  3-589  grams  of  it  were  weighed  in  a  stoppered  botUe, 
diluted  with  water,  over-neutralized  with  hydrochloric  add, 
evaporated  in  a  water-bath  in  a  platinum  dish  until  the 
chloride  became  quite  hard  on  cooling,  heated  to  incipient 
volatilization,  and  weighed.  There  was  thus  obtained  1*3415 
gram  chloride  of  ethjl-ammonium  or  0*7407  ethylamine, which 
corresponds  to  20*64  per  cent. 

On  cooling  a  stronger  solution  than  this^  solidification 
begins  at  a  higher  temperature,  reaches  a  maximum  between 
30  and  35  per  cent.,  and  again  falls,  passing  out  of  the  range 
even  of  a  solid  carbonic-acid  cryogen.  As  there  is  only  one 
tenth  of  a  degree  difference  between  the  points  of  initial 
solidification  of  the  30-  and  35-per-cent.  solutions,  and  guided 
by  the  general  shape  of  the  curve,  I  made  a  32*4-per-cent. 
solution^  and  found  that  solidification  began  at  —  8^C. 

It  is  well  known  that  anhydrous  ethylamine  is  not  solidifiable 
in  a  solid  carbonic-acid  cryogen.  Accordingly,  the  solid  which 
separates  from  an  aqueous  solution  of  ethylamine  of  any  and 
every  strength  between  —13°*  9  and  the  anhydride  is  one  of 
those  remarkable  bodies  which  I  have  called  subcryohydrates, 
and  which  have  been  observed  in  the  chloride  and  iodide  of 
sodium. 

The  subcryohydrate  of  ethylamine,  as  a  glance  at  the 
curve  (fig.  1)  will  show,  has  a  solidify ing-point  within  cer- 
tainly one  tenth  of  a  degree  C.  of  —8°,  and,  as  certainly,  it 
has  within  two  or  three  tenths  of  a  per  cent,  the  composition 
of  32*4  per  cent.  It  is  minutely  crystalline,  and  of  nearly  the 
same  specific  gravity  as  the  residual  liquid.  Its  solution  is 
eminently  supersaturable,  and  in  that  state  is  curiously  viscid. 
It  is  not  easy  to  see  a  way  whereby  it  might  be  made  to 
purify  itself  in  the  act  of  formation.  The  existence  of  these 
solid  hydrates  of  a  substance  which  by  itself  resists  solidifi- 
cation by  a  carbonic-acid  cryogen,  and  the  fact  that  their 
melting-points  are  only  ten  degrees  or  so  below  0°C.,  is 
surely  an  unanswerable  argument  that  they  are  not  mere 
juxtapositions  of  independent  crystals  of  the  two  constituents. 

Any  horizontal  line  between  — 13°*9  and  —8°  cuts  the 
curve  of  aqueous  ethylamine  in  three  places.  Within  these 
limits,  therefore,  there  are  always  three  degreeif  of  strength  of 
the  solution,  which  begin  to  solidify  at  the  same  temperature. 
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Thus,  if  we  find  an  aqueous  solution  of  ethylamine  begin  to 
solidify  at  —12°,  we  do  not  know  whether  it  is  of  the  strength 
18*7  or  22*2  or  43*3  per  cent.  Further,  it  may  be  noted  that, 
on  adding  water  of  the  air-temperature  to  the  solid  subcryo- 
hydrate,  a  depression  of  temperature  occurs  to  a  point  lower 
than  that  at  which  the  subcryohydrate  stood. 

Table  XLVI. 
Separation  of  Solids  from  Aqueous  Solution  of  Ethylamine. 


Temperature 

Per  cent,  of 

Per  cent,  of 

at  which 

Nature  of 

Ethylamine. 

water. 

solidification 
begins. 

solid. 

♦0-9901 

99-01 

-8-4 

loe. 

6 

95 

-  20 

,j 

10 

90 

-  4-7 

»» 

15 

85 

-  8-4 

1* 

20 

80 

-13-3 

t* 

20-64 

79-36 

-.13-9 

Orjohvdrate. 
Suboryohjdrate. 

25 

75 

-  95 

do 

70 

-  81 

It 

32-4 

67-6 

-  8-0 

It 

35 

66 

-  8-2 

i> 

40 

60 

-101 

If 

50 

50 

-16-4 

»» 

§  236.  Diethylamine. — Let  us  nowreplace  another  equivalent 
of  hydrogen  by  the  same  organic  radical,  and  examine  the 
relation  towards  water  of  diethylamine,  NH(C8Hfl)j.  This 
liquid  boils  at  54°  (57°,  Hofmann)  at  31*02  B.  The  solutions 
were  prepared  precisely  as  in  the  preceding  case. 

The  four  weakest  solutions,  which  contained  5,  10,  15,  and 
20  per  cent,  of  base  respectively,  gave  no  trouble.  But  from 
this  point  the  curve  (fig.  1)  descends  very  sharply  towards  the 
cryohydrate,  and  rises  again  with  equal  steepness.  A  22-per- 
cent, solution  yields  ice  on  incipient  solidification  at  9°*9;  while 
a  solution  containing  only  1  per  cent,  more,  a  23-per-cent. 
solution,  yields  subcryohydrate  at  the  same  temperature  of 
9^*9.  To  this  difficulty  has  to  be  added  the  circumstance  that 
I  have  not  met  with  a  substance  which  shows  so  extraordinary 
an  aptitude  for  supersaturation.  The  solutions  of  the  sub- 
cryohydrate in  the  anhydrous  base  (all  those  to  the  right  of 
the  cryohydrate  in  fig.  1)  and  the  cryohydrate  itself  may  be 
*  Accidentally  taken  1  to  100,  instead  of  1  to  90. 
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cooled  to  —20^;  and  diligently  stirred  without  showing  signs 
of  solidification.  The  solidification  may  then  be  started  by  a 
cryogen  of  solid  carbonic  acid  and  ether.  Moreover^  the  soln- 
ions  near  the  saturated  conditions  are  as  viscid  as  glycerine ; 
so  that  the  appeal  from  one  part  of  the  liquid  to  another  in  the 
matter  of  crystallization,  and  consequent  change  of  composition 
of  the  residual  liquid,  is  tardy.  These  circumstances  made  it 
impossible  to  obtain  the  cryohydrate  pure  for  analysis  in  the 
ordinary  way  by  automatic  purification.  But  they  also  made 
it  unnecessary ;  for  since  a  22  per  cent,  gives  up  ice  and  a 
23  per  cent,  gives  up  subcryohydrate  at  the  same  temperature 
(9°*9),  it  follows  that  a  22'5-per-cent  solution  must,  within  a 
probable  error  of  about  0*2  per  cent.,  have  the  composition  of 
the  cryohydrate.  Having  made  such  a  solution,  and  cooled 
it  to  —10°  in  a  salt-ice  cryogen,  the  bottom  of  the  tube  con- 
taining it  was  dipped  in  a  littte  carbonic-acid  cryogen  until  a 
little  white  opaque  regulus  of  crystals  was  formed.  The  whole 
being  then  restored  to  the  ice-salt  cryogen  and  stirred,  opaque 
solidification  began,  the  rounded  tufts  of  crystals  much  re- 
sembling oatmeal  in  suspension.  From  first  to  last  the  tem- 
perature now  remained  constant  at  11°'0  C.  Of  course  there 
was  no  need  to  analyze  a  body  thus  synthesized. 

Table  XLVII. 
Separation  of  Solids  from  Aqueous  Solution  of  Diethylamine. 


Per  cent,  of 

Per  cent  of 

Temperature 

of  initial 
BoUdification. 

Nature  of 

Diethylamine. 

water. 

solid. 

5 

95 

o 

-11 

Ice. 

10 

DO 

20 

•» 

15 

85 

5-2 

»• 

20 

80 

8-4 

ti 

21 

79 

91 

»» 

22 

78 

9-9 

22-5  (+0-2) 

77-5  (+0-2) 

110 

Cry  oliy("' rate. 

23 

77 

9i) 

Subcryohydrate. 

25 

75 

91 

„ 

30 

70 

8-3 

„ 

35 

05 

80 

..  (pure) 

40 

60 

8-2 

i> 

45 

55 

8-0 

tf 

60 

50 

9-1 

>t 

00 

40 

12-2 

If 

70 

30 

23-4 
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Diethylamine  does  not  solidify  in  a  carbonic-acid  ciyogen. 

§  237.  Triethylamine,  N(C,H,)8.  Boils  at  88°.— Viewed 
as  an  anh jdride^  we  should  expect,  i  priori^  to  find  a  greater 
difference  between  the  physical  properties  of  this  body  and 
those  of  diethylamine  than  between  those  of  the  latter  body 
and  ethylamine.  Indeed,  the  difference  might  be  expected  to 
be  comparable  with  that  existing  between  the  properties  of 
ethylamine  and  those  of  ammonia;  for  the  replacement  of  the 
first  and  the  last  equivalent  of  hydrogen  by  ethyl  wonld  be 
expected  to  effect  a  difference  of  kind,  while  the  replacement 
of  two  instead  of  one  wonld  effect  rather  an  alteration  in 
degree.  Be  this  as  it  may,  the  properties  of  triethylamine  in 
reference  to  water  are  quite  exceptional,  or  at  least  very 
remarkable.  The  solutions  of  strengths  5,  10,  and  15  per 
cent,  yielded  ice ;  the  latter  and  the  20  per  cent,  can  be 
employed  for  obtaining  the  cryohydrate,  but  the  20  per  cent, 
begins  its  solidification  with  the  subcryohydrate.  The  soli- 
difying temperature  of  the  cryohydrate  is  — 3°'8  C.  This 
cryohydrate  contains  19*15  of  the  anhydrous  base.  It  may  be 
remarked  that  the  hydrochloride  of  ^is  base  retains  hydro- 
chloric acid  with  such  firmness  that,  even  when  heated  to 
incipient  volatilization,  it  still  remains  acid*. 

The  subcryohydrate  of  this  body  is,  like  those  of  the  pre- 
viously examined  ones,  very  prone  to  supersaturation ;  so 
that,  in  examining  the  richer  solutions,  it  is  advisable  to  have 
recourse  to  the  solids  of  previous  preparations;  which  act  like 
a  ferment.  A  nearly  remelted  tubeful  of  the  subcryohydrate, 
set  to  resolidify  very  slowly,  crystallizes  in  bright  lamina 
one  or  two  millimetres  in  diameter.  More  quickly  frozen  in 
repose,  crystalline  masses  an  inch  long  are  fashioned  upon 
the  glass. 

*  A  few  gnins  of  chloride  of  triethyl-anunoniuin  heated  on  a  hot  spatuia 
exhibit  a  beaatiful  phenomenon.  The  columns  and  whirls  of  white 
smoke  can  be  watched  petrifying  in  the  air  to  white  soot  without  mucli 
change  of  fonn. 
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Table  XLVIII. 
Separation  of  Solids  from  Aqneous  Solutions  of  Triethylamine. 


Per  cent  of 

Per  cent,  of 

Temperature 

of  initial 
solidification. 

Nature  of 

Triethylamine. 

water. 

body  formed. 

5 

95 

-f-0 

Ice. 

10 

90 

-  20 

,, 

15 

85 

-  2-9 

» 

18 

82 

-  3-4 

UM 

80-9 

-  3-8 

Cryolivdrate, 

20 

80 

-  3-5 

SiibtVyolivdrate. 

30 

70 

-  41 

.. 

40 

(JO 

-  51 

60 

50 

-  6-7 

i; 

70 

30 

-130 

y$ 

80 

20 

-200 

II 

For  the  curve,  see  fig.  1,  p.  179. 

§  238.  Triethylamine  is  one  of  those  rare  bodies  which,  like 
sulphate  of  sodium,  sulphate  of  calcium,  caustic  lime,  and 
a  few  others,  are  more  soluble  in  cold  than  in  hot  water.  The 
behaviour  of  the  three  bodies  named  is  clearly  traceable  to 
the  decomposition  by  heat  of  definite  hydrates.  Without 
laying  undue  stress  upon  this,  it  seems  that  the  phenomenon 
in  question  is  one  of  decomposition,  which  so  ofben  follows 
increased  temperature,  and  not  an  inversion  of  the  rule  that 
solubility  also  increases  with  temperature.  The  body  decom- 
posed in  the  case  before  us  is  clearly  a  hydrate— either  the 
cryo-  or  subcryohydrate.  Accordingly,  though  striking  in 
its  presentation,  the  phenomenon  is  really  quite  continao 
with  the  decomposition  by  heat  of  oil  of  vitriol;  which  decom- 
position, I  presume,  does  actually  take  place  when  that  liquid 
is  heated  above  its  boiling-point  (in  a  closed  vessel).  But 
while  in  the  latter  case  the  products  of  decomposition  are 
probably  miscible,  and  mix,  though  held  apart  from  chemical 
union  by  heat-tension,  with  the  hydrates  of  eUiylamine  the 
products  of  thermal  decomposition  are  separated  not  only 
chemically  but  in  mass,  because,  when  chemically  separated, 
they  are  not  molecularly  miscible,  at  least  in  all  proportions. 

The  following  table  shows  the  temperatures  at  which 
turbidity  begins  and  ceases  in  aqueous  solutions  of  triethyl- 
amine of  various  strengths.  (See  also  fig.  1,  "Triethylamine 
and  Water  as  liquids.") 
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Table  XLIX. 
Separation  in  Aqaeons  Solutions  of  Triethylamine. 


Critical 

Per  cent,  of 

Per  cent,  of 

temperature 

Remarks. 

Triethylamine. 

water. 

between  cleamesB 

and  turbidity. 

1-96 

98-04 

,1    { 

Becomes  clouded,  and  be- 
gins to  boil. 

3-85 

96-15 

41 

5 

95 

34 

8 

92 

23-5 

10 

90 

21-3 

16 

85 

18-8 

18 

82 

18-6 

20 

80 

18-6 

30 

70 

18-2 

40 

60 

18-4 

46-46 

53-64 

18-3 

60 

60 

18-4 

70 

30 

171 

80 

20 

13-4 

90 

10 

61 

94-6 

5-6 

-7  (about) 

99 

1 

; 

1 

Complete  liquid  solubility 

at  all  temperatures. 

A  solution  containing  only  0*99  per  cent.,  sealed  in  a  veiy 
strong  glass  tube  and  heated  to  200^0.,  did  not  show  any 
opalescence. 

A  1'96-per-cent.  solution  begins  to  give  off  bubbles  of  gas 
at  the  same  temperature  at  which  it  becomes  turbid.  A  still 
more  dilute  solution,  namely  a  0*99  per  cent.,  does  not  become 
turbid  at  200°  0.,  when  it  is  heated  in  a  sealed  tube.  The  curve 
(fig.  1,"  Triethylamine  and  Water  as  liquids  ")  shows  the  re- 
lationship above  examined.  The  following  example  illustrates 
the  history  of  a  solution.  Ten  grams  of  ethylamine  and  90 
grams  of  water,  shaken  together  at  25°,  form  a  whit«  emulsion. 
On  standing  at  that  temperature,  two  transparent  layers  are 
formed,  of  which  the  upper  is  ethylamine  saturated  at  25° 
with  water,  and  the  lower  water  saturated  at  25°  with  ethyl- 
amine. On  heating  to  28°,  both  layers  become  turbid  ;  the 
upper  sheds  water  saturated  at  28°  with  ethylamine,  which  falls, 
and  the  lower  ethylamine  saturated  at  28°  with  water,  which 
rises.  These  new  quantities  join  their  respective  camps,  the 
constitution  of  which  has,  of  course,  been  altered  by  the 
departures,  and  is  now  that  of  saturation  at  the  new  tempe- 
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ratnre  in  the  two  cases.  The  sarfaoe  of  demarcation  shifts 
towards  the  centre  of  the  mass.  Similar  effects  follow  farther 
rises  of  temperatare.  Let  now  the  tnbe  cool.  The  former 
condition  is  reestablished.  On  further  coolings  the  surface  of 
demarcation  shifts — arises  in  this  case  as  the  two  liquids  mix 
more  with  one  another.  At  21^*3  perfect  solution  ensues, 
and  this  is  well  marked  witliin  a  tenth  of  a  degree.  Just 
above  this  temperature  the  mass  is  opalescent,  just  beneath  it 
it  is  perfectly  limpid.  When  at  this  critical  temperature,  the 
warmth  of  the  hand  only  momentarily  applied  makes  a  wide 
test-tube  of  the  limpid  mixture  quite  milky.  Nor  can  such 
a  test-tube  be  passed  so  nimbly  through  a  flame  as  not 
to  exhibit  the  same  change.  Following  the  temperatare 
downwards,  we  find  the  solution  remains  dear  below  0°,  until 
we  reach  —  2^,  whereupon  crystals  of  ice  appear.  These 
increase  with  the  falling  temperature  until  —  3^*8  temperature 
and  10*1  per  cent,  is  reached.  The  cryohydrate  now  solidifies, 
and  no  further  percentage  change  is  possible  ;  nor  temperar 
ture  change,  until  solidification  is  complete. 

A  40-per-cent  ratio  only  shows  perfect  mixture  at  18°*4, 
It  remains  a  mixture  until  —5^1,  whereupon  subcryohydrate 
begins  to  appear  in  the  solid  form.  Its  quantity  goes  on  in- 
creasing with  lowering  temperature  until  —  20°'6  is  reached: 
this  marks  an  80-per-cent»  solution.  At  still  lower  tempera- 
tures no  doubt  the  liquid  becomes  more  enriched.  If  the 
anhydrous  liquid  is  unsolidifiable  by  cold,  then  the  ordinate  at 
100  per  cent,  is  asymptotic;  but  if,  as  is  more  likely,  the  liquid 
is  solidifiable,  the  remainder  of  the  water  and  of  the  ethyl- 
amine  will  unite  to  form  some  hydrate  even  lower  than  the 
subcryohydrate  at  some  very  low  but  constant  temperature. 
An  80-per-cent.  ratio  at  —  30°  is  thick  with  solid  subcryo- 
hydrate. Perfect  liquefaction  takes  place  at  —  20^-6.  The 
liquid  remains  clear  until  4-  12^  is  reached.  At  and  above 
12^  separation  ensues,  which  increases  with  the  increasing 
temperatare.  The  curve  (fig.  1,  "  Triethylamine  and  Water 
as  liquids")  is  virtually  a  straight  line  between  15  per  cent, 
and  50  per  cent  The  deviations  are  probably  errors  of  obser- 
vation; and  these  errors  of  observation  are  certainly  not  due 
to  want  of  definition  of  the  occurring  and  vanishing  turbidity, 
which  is  well  marked  within  0*025  of  a  degree.    Nor  are  they 
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due  to  errors  of  original  weighing  or  change  daring  mani- 
palation ;  for  the  very  Batness  of  the  curve  shows  that  a  great 
change  of  composition  has  little  effect  upon  the  temperature 
of  saturation.  If  thej  are  indeed  errors,  they  arise  probably 
from  the  collecting  together  of  the  opalescing  globules  into 
clear  drops  which  separate  down,  leaving  the  liquid  above  as 
clear  as  though  it  had  been  cleared  by  cold.     The  indication 

Fijr.  1. 


from  a  gradually  ascending  temperature  is  accordingly  more 
to  be  relied  on  than  one  from  a  falling  temperature. 

When  water  is  added  to  triethylamine,  but  little  heat  is 
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evolved.  A  very  small  rise  in  temperature  occurs  when  the 
30-per-cent.  mixture  is  made.  The  constituents  should  be 
brought  to  about  10^;  and  in  the  final  experiment  the  thermo- 
meter and  thin  glass  bulb,  in  which  the  mixture  is  effected,  are 
to  be  previously  warmed  fully  to  the  temperature  at  which 
they  stood  at  the  end  of  the  previous  experiment.  It  is  pro- 
bable that  the  smallness  of  the  heat  of  combination  is  nearly 
connected  with  the  ease  of  thermal  separation.  It  is  to  be 
noticed,  moreover,  that  in  the  region  of  the  lower  curve  about 
the  subcryohydrate,  where  the  curve  is  flat  because  great 
change  of  percentage  makes  little  difference  in  temperature  of 
initial  solidification,  the  curvature  of  the  upper  curve,  fig.  1, 
"  Triethylamine  and  Water  as  liquids,'*  is  also  nearly  nothing. 
Whether  above  or  below  zero,  we  are  dealing  apparently  at 
every  individual  percentage  with  the  same  substance,  the  sub- 
cryohydrate :  it  is  this  region  which  is  so  keenly  sensitive  to 
changes  of  temperature. 

§  239.  There  is  this  important  and  essential  difference  be- 
tween the  genesis  of  a  cryohydrate  and  that  of  a  subcryohy- 
drate. Solutions  of  nearly  Uie  cryohydrate  strength  approach 
the  composition  of  that  body  as  they  lose  heat  and  sink  in 
temperature — weaker  ones  by  the  shedding  of  water  (as  ice;, 
stronger  ones  by  the  shedding  of  salt  or  subcryohydrate. 
And  this  is  true  for  all  solutions  from  0  per  cent,  up  to  the 
strength  of  the  subcryohydrate;  that  is,  on  the  curve,  to  the 

point  where  —  changes  sign. 

Not  so  with  the  subcryohydrate.  A  solution  weaker  than 
the  subcryohydrate,  to  the  left  of  it  on  the  figure,  will  "  run 
down  "  to  the  cryohydrate  by  dint  of  shedding  the  subcryo- 
hydrate. A  solution  stronger  than  the  subcryohydrate  will 
"  run  down  "  to  the  solidify ing-point  of  the  anhydrous  liquid 
or  to  that  of  some  secondary  cryohydrate,  no  example  of 
which  is,  I  think,  yet  known.  In  either  case,  the  liquid  resi- 
due gets  further  and  further  away  from  the  ratio  in  the  sub- 
cryohydrate. The  whole  condition  may  be  illustrated  by  the 
motion  of  a  marble  rolling  upon  the  curve.  It  will  run  down 
to  the  bottom  of  the  valley  of  the  cryohydrate  wherever  it  is 
placed  on  the  slopes  of  that  valley,  and  there  remain  in  stable 
equilibrium.     But  placed  upon  the  top  of  the  great  swell  of 


Digitized  by 


Google 


AND  ATTACHED  WATER.  181 

the  subcryohydrate^  it  wiU  be  at  rest  only  if  nndistarbed,  and 
80  be  in  instable  equilibrium.  It  will,  if  disturbed,  either  roll 
down  to  the  bottom  of  the  cryohydrate  valley,  or  roll  into  the 
abyss  of  the  anhydrous  liquid.  The  cryohydrate  is  the  level 
of  a  lake.  The  subcryohydrate  is  the  watershed  (subcryo- 
hydrate  shed)  of  a  hill-range. 

The  cryohydrate  being  an  eutectic  alloy,  the  subciyo- 
hydrate  is  a  definite  chemical  combination,  existing  probably 
as  such  in  the  liquid  when  above  zero,  and  liberating  in 
its  formation  the  heat  observed  when  the  two  liquids  are 
mixed;  and  as,  for  instance,  sulphate  of  soda  crystallizing 
either  from  an  acid  or  alkaline  solution  leaves  the  liquid 
more  acid  or  more  alkaline  than  before,  so  the  subcryo- 
hydrate in  its  solidification  leaves  the  liquid  from  which  it 
separates  continuously  more  aqueous  or  less  aqueous  ac- 
cording as  it  started  from  a  solution  more  or  less  aqueous 
than  itself.  The  '^  more ''  and  '^  less,"  as  here  employed,  refer 
of  course  to  intensity,  not  to  quantity,  and  the  change  is  the 
analogue  of  that  suffered  by  electricity  when  the  surface  of  a 
conductor  alters  in  size. 

§  240.  Some  Applicationa  of  t/ie  above  Property  of  Triethyl- 
amine. — It  appears  from  Table  XLIX.  that  one  weight  of  tri- 
ethylamine  with  19  weights  of  water  is  a  ratio  requiring  34® 
C,  or  93°'5  F.,  that  is  a  low  blood-heat,  to  effect  its  turbidity. 
A  ratio  of  1  of  ethylamine  and  24*76  of  water  requires  41°  C. 
or  105***8  F.  for  the  same  effect  to  be  produced:  this  is  a  fever 
heat.  Accordingly,  a  few  little  glass  capsules  containing  so- 
lutions of  the  triethylamine  of  strengths  graduated  between 
these  two  and  thereabouts,  and  containing  also  a  little  mer- 
cury to  assist  the  stirring-up  when  shaken,  may  be 
of  use  in  the  diagnosis  of  fever.  The  eye  may  be 
fastened  to  a  thread  or  rod,  and  so  introduced  be- 
neath the  arm  or  into  the  cavities.  I  have  made  a 
series  of  9  such  capsules,  which  show  turbidity  at  F. 
68^-3,  69°'4,  76^-1,  79°-9,  91^-4,  98^-6, 105°-2,  llP-2,  123°-8. 

§  241.  The  radiation  from  an  electric  arc  passing  into  an 
8-per-cent.  solution  will  warm  it  to  opacity.  Thin  strips  of 
variously  coloured  glass  placed  in  such-  solutions  will  deter- 
mine the  opalescence  after  various  time  lapses, — the  red 
glass  acting  the  slowest,  and  the  others,  speaking  broadly, 
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the  quicker  ihe  shorter  the  wave-length  of  the  light  they 
transmit  Two  of  complementary  colom*,  which  together 
absorb  aU  radiation,  or  a  single  black  one,  act  the  quickest. 
Coloured  glasses  placed  between  the  solution  and  the  source  of 
radiation  cause  opalescence  in  times  which  are  the  longer  the 
shorter  are  the  transmitted  wave-lengths. 

A  few  drops  of  the  solution  placed  as  a  thin  film  between 
two  thin  sheets  of  flat  glass,  and  prevented  from  evaporation 
by  sulphur-cement  around  the  edges,  forms  a  sensitive  plate. 
The  hand  placed  upon  it  leaves  a  white  silhouette.  The 
spectrum  thrown  upon  this  plate  leaves  a  transient  record. 

It  is  probable  that  the  heat  liberated  when  triethylamine  is 
mixed  with  water  is,  if  the  expression  may  be  aUowed,  the 
real  image  of  the  heat  which  on  entering  the  mixture  effects 
separation.  They  are  both  equal  in  quantity  to  the  heat  of 
subcryohydration  ;  the  former  being  that  heat  itself.  It  is  a 
happy  circumstance  that  the  temperature  at  which  separation 
begins  within  the  limits  of  20  to  50  per  cent,  solutions  is  a 
usual  atmospheric  temperature,  namely  18°"3  C.  (64***94  F  ). 

§  241a.  The  quantitative  relationship  in  respect  to  solu- 
bility existing  between  water  and  triethylamine  was  deter- 
mined with  considerable  accuracy  in  the  following  manner. 
A  50  c.  c.  burette  graduated  to  two-tenths  was  sealed  at  one 
end,  and  the  mercury  and  water-meniscus  values  determined. 
It  was  drawn  out  to  a  narrow  neck,  and  received  about  2  c.  c: 
of  mercury.  The  whole  being  now  counterpoised,  a  few  c.  c. 
of  eihylamine  were  introduced,  which  proved  to  weigh  6'86 
grams.  A  few  grams  of  water  were  next  added,  the  end 
sealed  off  and  dried,  and  the  whole  reweighed.  It  was  found 
that  7'885  grams  of  water  were  present. 

The  whole  was  now  brought  to  a  temperature  low  enough 
to  ensure  perfect  mixture,  and  then  gradually  heated  in  a 
large  beaker  of  water  to  which  successive  portions  of  warmer 
water  were  added.  The  water  was  diligently  stirred.  When 
the  temperature  is  high  enough  to  cause  separation,  the  tube 
is  kept  at  that  constant  temperature  for  half  an  hour,  being 
repeatedly  shaken.  Taking  the  level  of  the  mercury  as  con- 
stant, and  calling  it,  when  corrected  for  meniscus,  0,  we  have 
first  the  height  of  the  plane  of  separation  of  the  two  liquids  to 
read  off.  This  requires  no  correction  for  meniscus  at  tempe- 
ratures below  25°  C.    At  30°  and  50°  there  is  some  4-  cur- 
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vature  (like  water);  this  I  have  neglected.  The  height  of  the 
upper  surface  has  to  be  read  and  corrected  for  meniscus. 
(For  this  the  same  correction  is  taken  as  for  water.)  The 
volume  of  water  at  15°  was  7*88  c.  c.^  and  the  volume  of  tri- 
ethjlamine  was  9*5  c.  c.  On  bringing  the  two  together, 
sufficient  heat  was  set  free  by  the  mixture  of  part  to  prevent 
the  mixture  of  the  whole.  On  cooling  to  15^  the  two  mixed 
perfectly,  and  the  volume  was  16*6,  showing  therefore  a 
contraction  of  0*8  c.  c.  At  18°*3  the  liquid  still  remained  clear, 
but  at  18^*7,  that  is  in  half  a  degree,  a  great  separation  had  oc- 
curred.  In  the  following  table  the  corrected  readings  are  given. 

Separation  between  water  and  triethylamine  (Triethylamine 
46'45  per  cent.,  Water  53*55  per  cent.). 


A  *■ 

Vol.  of  lower 

Vol.  of  upper 

'^*                         Btzatum. 

stnttum. 

150     ....        0 

16-6 

18-3     . 

0 

16-6 

18-7     . 

3-5 

13-2 

19-0    . 

4-5 

12-2 

20-0     . 

.     6-1 

11-4 

21-0    .     . 

6-8 

10-1 

220    .     . 

7-2 

9-7 

25-0    . 

7-8 

9-3 

300     . 

.     7-i 

9-4 

50-0    . 

.     8-0 

9-7 

So  nearly  complete  is  the  separation  at  25°,  that  above  this 
temperature  the  upper  stratum  gives  more  in  volume  by 
expansion  by  heat  than  it  loses  by  the  rise  of  the  plane  of 
demarcation.  To  get  an  idea  of  the  completeness  of  the  sepa- 
ration at  50°  C,  we  may  compare  the  volume  of  the  lower 
stratum  at  50°,  which  is  8*0,  with  that  of  7*885  grams  of  water 
at  50^,  which  is  7*93.  This  signifies  that  at  50°  the  lower 
stratum  must  be  nearly  pure  water,  and  the  upper  nearly 
pure  ethylamine.  For  the  plane  of  separation  stands  only 
g^  of  the  height  of  the  original  water-column  above  that 
height.     See  fig.  1,  curve  b. 

§  242.  Thermal  Relation  of  some  Aniline  Salts  to  Water. — 
In  turning  to  organic  ammonias  and  their  salts  which  contain 
radicals  of  greater  molecular  weight,  and  belonging  to  different 
series  from  those  we  have  been  considering  above,  we  are 
tempted  by  aniline.  It  can  be  got  in  a  state  of  great  purity. 
Its  salts  are  well  defined  and  stable,  and  of  various  degrees  of 
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solability.  The  aniline  I  employed  was  rectified  several  tiuies^ 
converted  into  the  chloride^  and  twice  recrystallized  ;  recon- 
verted into  the  base  by  caustic  potash,  dried,  and  finally  distilled. 

Aniline  is  slightly  soluble  in  water.  On  cooling  to  a  tem- 
perature of  —  0°*7,  the  water  and  aniline  solidify  together  as 
a  porcelain-like  opaque  cryohydrate,  which  is,  however,  too 
poor  in  aniline  to  be  capable  of  satisfactory  analysis. 

§  243.  Chloride  of  Aniline. — ^As  a  cryogen,  the  chloride  of 
aniline  gave  a  temperature  of  — 10°*5.  For  its  solubiliiy  the 
weighed  solution  was  evaporated  in  a  water-bath  until  it 
ceased  to  lose  weight.  Saturated  at  18°'l,  it  was  found  that 
8*3210  grams  gave  3*8875  anhydrous  salt,  or  46*72  per  cent. 
Saturated  at  0°,  13*2836  grams  gave  5*3695  grams  dry  salt,  or 
40*35  per  cent.  The  solution  saturated  at  0°,  or  a  20-per-cent. 
solution  placed  in  a  freezing-mixture,  falls  to  the  temperature  of 
— 10°'7.  It  is  here  as  generally  preferable  to  reach  the  cryo- 
hydrate  from  the  dilute  side,  lliis  cryohydrate  readily  forms  a 
supersaturated  solution.  Of  the  cryohydrate,  7*1760  grams 
gave  2*2860  dry  salt,  or  31*86  per  cent. 

Percentage  solutions  were  then  made,  and  their  temperatures 
of  initial  solidification  determined. 

Table  L. 


Chloride 

Water 
percent 
bj  weight. 

Temperature 

of  aniline 

at  which 

Nature  of 

per  cent, 
by  weight. 

solidifloation 
begins. 

solid. 

1 

99 

-  0-2  0. 

loe. 

4 

96 

-  1-0 

It 

5 

95 

-  1-3 

If 

6 

94 

-  1-6 

i> 

7 

93 

-  1-9 

i> 

8 

92 

-  2-2 

•( 

9 

91 

-  2-5 

10 

90 

-  2-8 

fi 

11 

89 

-  3-0 

f> 

12 

88 

-  3-3 

II 

13 

87 

-  8  6 

II 

20 

80 

-  6-7 

If 

25 

75 

-  7-2 

11 

30 

70 

-  90 

If 

31-86 

68-14 

-10-7 

Cryohydrate. 

35 

65 

-  8-0 

Salt. 

40-36 

59-66 

0 

If 

46-72 

53-28 

+131 

The  curve  corresponding  to  the  above  table  is  shown  in  fig.  2. 
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§  244.  Nitrate  of  Aniline.— ^Ab  a  cryogen,  the  temperature 
— 2°'2  was  obtained.  A  solution  saturated  at  13°'l  was  eva- 
porated in  vacuo  over  sulphuric  acid  until  it  ceased  to  lose 
weight ;  7-5174  grams  gave  1'1710  gram  dry  salt,  or  15*58  per 
cent.  8*6860  grams  of  solution  saturated  at  0^  gave  0*9500 
gram,  or  10*94  per  cent.  A  dilute  solution  reached,  in  a 
freezing-mixture,  the  constant  temperature  of  —  2®*2.  Of 
this,  the  cryohydrate,  7-7972  grams  gave  0*8270  gram  dry 
salt,  or  10*61  per  cent.  The  nitrate  cannot  be  dried  in  a 
water-bath  without  suffering  partial  decomposition.  The 
above  results  are  embodied  in  the  following  table,  which  also 
shows  the  temperatures  of  initial  solidification. 

Table  LI. 


Nitrate 

Water 
per  cent. 
by  weight 

Temperature 

of  aniline 

at  which 

Nature  of 

per  cent. 

Bolidification 

solid. 

by  weight. 

begina. 

2 

98 

o 
-  04 

Ice. 

4 

96 

-  0-8 

t« 

6 

94 

-  1-1 

8 

92 

-  1-5 

ft 

10 

90 

-  2 

%t 

10-61 

89-39 

-  22 

Cryohydrate. 

10-94 

8906 

0 

Salt. 

15-58 

84-42 

+131 

ti 

Fig.  2  shows  the  curve  representing  the  above  numbers. 

§  245.  Sulphate  of  Aniline, — This  salt  was  recrystalHzed 
three  times,  and  after  drying  between  blotting-paper  was 
finally  dried  before  a  brisk  open  fire.  As  a  cryogen  it  showed 
a  temperature  of  —  0°-8.  Of  the  solution  saturated  at  13°'l, 
it  was  found  that  25*6925  grams  gave  1'5000  dry  residue,  or 
5'84  per  cent.  Of  the  solution  saturated  at  0°  C,  8'8675  grams 
gave  0*4357  gram,  or  4*91  per  cent.  The  solidifying  tempe- 
rature of  the  cryohydrate  was  found  to  be  —  0®'9,  and  9*5607 
grams  of  it  gave  0*4620  gram  dry  salt,  or  4*83  per  cent.  This 
salt  appears  to  melt  in  its  water  of  crystallization,  and  takes  a 
long  time  to  dry.  The  following  table  contains  the  above 
results,  together  with  the  temperature  of  initial  solidification 
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in  solutions  of  several  strengths.     The  sparing  soluhility  of 
the  salt  limits  the  table  very  much. 

Table  LII. 


Sulphate 
of  aniline 
per  cent, 
by  weight. 

Water 

per  cent. 

by  weight. 

Temperature 

at  which 

Bolidification 

begins. 

Nature  of 
■olid. 

1 
2 

4-5 
4-83 
4-91 
5-84 
15-35 

99 

98 

95-5 

9617 

95-09 

9416 

84-65 

.81 

-  0-2 

-  0-6 

-  0-9 
0 

+  131 
100-0 

loe. 
ft 

Cryohydrate. 

"  Salt. 

If 

f» 

The  curve  representing  this  table  is  found  in  fig.  2. 

§  246.  Oxalate  of  Aniline, — 8'3230  grams  of  the  oxalate 
of  aniline  saturated  at  14°*5  gave  O'lOSO  gram  dry  salt,  or 
1-29  per  cent.  At  0°  I  obtained  0-0320  gram  of  the  dry  salt 
from  10*8170  grams  solution,  which  means  only  0-29  per 
cent.  The  cryohydrate  was  formed  at  the  very  high  tempe- 
rature of  —  0°*4.  On  evaporation,  8*5450  grams  gave  0'02 
gram  dry  salt,  or  only  0*14  per  cent.  The  sparing  solubility 
of  the  salt  in  water  prevented  me  from  examining  solutions 
of  strengths  weaker  than  the  cryohydrate. 

Table  LIIL 


Ojtalate 
of  aniline 

per  cent, 
by  weight. 

Water 

per  cent. 

by  weight. 

Temperature 

at  which 

solidification 

begins. 

Naliure  of 
solid. 

014 
0-29 
1-29 

99-86 
99-71 
98-71 

-0-4 

0 
+14-5 

Cryohydrate. 

Salt. 

f» 

For  curve  see  fig.  2.  Although  ite  temperature  here 
shown  for  the  cryohydrate  is  distinctly  below  zero,  proving 
that  the  oxalate  is  not,  like  a  colloid,  molecularly  free  from  the 
water,  yet  I  am  not  assured  that  I  have  been  able  to  form  a 
true  cryohydrate  in  the  solid  form.  The  ice  and  salt  separate 
apart,  the  former  adhering  to  the  glass,  and  the  microscopic 
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transparent  crystals  of  the  latter  remaining  in  suspension  in 
the  solution.  The  first  analysis,  indeed,  showed  greater  per- 
centage of  salt  at  —  0°'4  than  at  0°,  the  difference  amounting 
to  about  0'28  per  cent,  on  the  highest.  This  is  an  impossible 
result  The  state  of  things  clearly  arose  from  the  circum- 
stance that  the  liquid  cryohydrate  was  enriched  by  the  sus- 
pended crystals.  The  solution  at  0°  was  also  abnormally  rich 
from  the  same  cause.  It  was  only  on  keeping  the  solution  in 
ice  for  twenty-four  hours  that  the  zero  amount  above  given 
was  obtained,  and  by  keeping  the  jzqto  solution  for  twelve 
hours  in  a  weak  freezing-mixture  (nitre  and  ice)  that  the 
cryohydrate  (in  a  liquid  form)  was  got. 

§  247.  Scdiciflate  of  Aniline* . — The  above  remarks  are  again 
applicable  to  this  salt.  So  sparingly  is  it  soluble  in  water  at 
all  temperatures,  and  so  close  below  (f  is  the  cryohydrate,  that 
no  examination  of  this  region  was  practicable.  Of  a  solution 
at  0°,  10-3720  grams  gave  0*0295  gram,  or  0*28  per  cent. 
The  cryohydrate  formed  at  -0°-05  or  -0°-07.  Of  it,  10*0310 
grams  gave  0*0245  gram,  or  0*24  per  cent.  A  solution  satur 
rated  at  6^*2  gave  0*0710  gram  salt  out  of  10*9270  grams 
solution,  that  is  0*65  per  cent.  Even  at  16°*8  there  was 
only  obtained  0*0800  gram  from  10*3450  grams,  or  0*71 
per  cent. 

Table  LIV. 


Per  cent,  of 
saliojlate 
of  aniline 
by  weight. 

Per  cent  of 

water 
by  weight. 

Temperature 

at  which 

solidification 

begins. 

Nature  of 
solid. 

0-24 
0-28 
0-65 
0-77 

99-76 
99-22 
99-35 
99-63 

o 

-  0-06 

0 
4<  6-2 
+16-8 

Cryohydrate. 

Salt. 

»» 

For  the  graphic  representation  of  these  numbers  see  fig.  2. 

*  The  salicylate  of  aniline  has  not,  I  believe,  been  previously  described. 
It  is  obtained  by  mixing  an  alcoholic  solution  of  aniline  ^ith  the  acid. 
It  fuses  at  about  150°,  and  cannot  be  distilled  without  decomposition.  It 
is  slightly  soluble  in  bisulphide  of  carbon ;  soluble  in  ether,  hot  or  cold  \ 
soluble  in  alcohol,  hot  or  cold ;  soluble  in  hot  benzol,  very  sparingly  in 
cold. 
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5  -248.  Pyrogallaie  of  Aniline*. — 3*727()  grams  of  the  «oIn- 
tion  saturatod  at  17^*8  yielded  1*7440  gram  dry  rait  in  vacvOf 
or  46*80  per  c«tfit.  Of  a  aolution  saturated  at  0**  C,  5*92  grams 
gave  l'U92  gram  of  tho  dry  salt;  or  33*65  per  cent.  As  a 
cryogen  tfie  temperature  — 4°'6  was  obtained,  and  the  cryo- 
hydrate  showed  the  same  teniperatnre.  9'3i^7  grams  of  crj'o- 
hydrate  gave  2'253  of  salt,  or  23'98  per  cent.  The  above 
results,  and  the  separation  of  solid  matter  on  loss  of  heat,  are 
exhibited  in  the  following  table : — 
Table  LV. 


PeV  cent  of 
pjrogallate 
of  aniline 
by  weight 

Pep  cent,  of 

water 
by  weight 

Temperature 

at  which 

solidification 

begins. 

Nature  of 
solid. 

9^ 
2UO0 
23-98 
33-85 
46-00 

90-91 
80-00 
7602 
66-35 
6400 

-  f-0 

-  27 

-  4-6 
0 

+  17-8 

loe. 

n 

Cryohydrate. 

Salt 

ft 

The  curve  corresponding  to  these  numbers  is  found  in 
fig.  2.  It  is  to  be  noted  that  amongst  all  the  curves  referring 
to  the  aniline  salts^  that  belonging  to  the  nitrate  alone  has  a 
well-marked  concavity  on  its  ascending  branch  (from  the 
cryohydrate  to  the  right)  turned  towards  the  axis  of  strength. 
The  very  important  signification  of  this  curvature  will  form 
the  key  to  much  in  the  next  Chapter  referring  to  the  limit  of 
solubility,  or  rather  to  the  unlimited  solubility  in  certain  cases 
of  certain  salts,  especially  nitrates. 

*  As  I  do  not  find  any  account  of  this  body,  I  may  briefly  note  its  pre- 
paiation  and  properties.  On  mixing  the  two  aubstanoes  pyrogallic  acid 
and  aniline,  a  diy  hard  mass  is  obtained.  As  this  is  solnble  in  amline, 
only  a  slight  excess  of  the  latter  is  used.  The  solid  mass  is  diseolved  in  a 
minimum  of  hot  benzol ;  cooled  to  about  6°,  filtered,  and  washed  with  cold 
benzol.  Amongst  its  properties  are  the  following : — ^It  fuses  at  126*^0. 
or  128®  C.  It  is  very  soluble  in  water,  hot  and  cold ;  also  in  hot  and  cold 
alcohol  and  ether ;  soluble  in  hot  benzol,  very  sparingly  in  cold ;  y&cy 
sparingly  soluble  in  bisulphide  of  carbon,  hot  or  cold.  Fused  on  glass,  it 
forms  a  beautiful  crystalline  film,  the  crystals  being  several  inches  long. 
It  is  anhydrous.  In  another  preparation,  1  part  of  pyrogallic  acid  wa^ 
dissolved  in  4  parts  of  water  at  509,  Aniline  was  added  until  a  specimen 
became  cloudy  on  cooling.  It  was  cooled  to  about  10®  and  filtered  through 
wet  paper.  It  was  then  evaporated  to  about  half  its  bulk  and  dried  m 
vacuo  over  sulphuric  acid.    It  turns  brown  on  exposure  to  the  air. 
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Infinite  Solubility. 

§  249.  An  examination  of  curves  of  solubility  of  salts  in 
water,  drawn  so  that  the  ordinates  are  temperatures  and  the 
abscissae  are  percentages,  reveals  two  types  of  curves,  which 
differ  only  essentially  in  their  right-hand  or  salt-saturated 
branches.  Iodide  and  bromide  and,  perhaps,  chloride  of 
sodium  may  be  taken  as  the  type  of  a,  fig.  3,  and  nitre  of  6, 
fig.  3  (see  §  126).  The  curvature  of  the  right-hand  branches 
of  both  curves  must  diminish  as  we  travel  from  the  cryohy- 
drate  in  the  direction  of  the  arrows,  otherwise  there  would  be 
two  temperatures  at  which  there  is  the  same  solubility  (a,  fig. 
3,  dotted  lines)  for  every  solubility  between  certain  limits ; 
or  (ft,  fig.  3,  dotted  lines)  there  would  be  two  solubilities  for 
everj'  temperature  between  certain  limits.     If  we  concede  the 

Fig.  3. 


impossibility  of  these  conditions,  there  appear  to  be  three  alter- 
natives— the  curve  loses  curvature  either  parabolically  or 
hyperbolically,  or  there  must  be  contrariflexure.  The  first 
would  carry  the  conditions  into  the  region  of  critical  state  and 
decomposition.  The  second  might  m^an,  in  the  case  of  a 
typo,  if  such  asymptote  be  also  parallel  to  the  ordinates,  that 
a  cei^tain  per  cent  ratio  of  salt  is  soluble  in  water  at  a  certain 
temperature,  and  at  all  higher  temperatures;  in  the  case  of  h 
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type,  if  sach  asymptote  be  parallel  to  the  abscissaB,  that  at 
a  certain  temperature  a  finite  mass  of  water  will  dissolve  an 
infinite  mass  of  salt. 

For  the  experimental  examination  of  this  curious  question 
the  salt-alloy  of  nitrate  of  lead  and  nitrate  of  potash,  described 
in  §  215,  is  excellently  well  adapted.  Its  composition  is 
46*86  nitrate  of  lead  +  53*14  nitrate  of  potash,  and  its  fusing- 
point,  being  207°,  is  well  within  the  range  of  the  mercurial 
thermometer.  Its  constituents  at  this  temperature  are  far 
below  their  temperature  of  decomposition,  and,  what  is  of 
equal  importance,  both  the  nitrates  are  essentially  anhydrous 
at  all  temperatures  above  0^  G. 

§  250.  a  grams  of  this  salt-alloy,  finely  powdered  and 
ireed  from  condensed  moisture,  were  introduced  into  a 
weighed  tube.  A  little  water  being  then  introduced  through  a 
capillary  tnbe,  the  end  was  sealed  off,  and  both  reweighed, 
the  amount  of  water  introduced  being  thus  known.  The  sealed 
tube  was  wrapped  round  in  two  places  with  copper  wire,  and 
placed  in  a  copper  oil-bath.  The  bath  was  heated  till  com- 
plete fusion  was  eflected,  the  water  and  salt  completely  mixing 
to  a  colourless  limpid  liquid.  The  wire  enables  the  tube  to  be 
taken  out  and  the  contents  moved  to  and  fro. 

When  complete  fusion  is  obtained  the  bath  is  allowed  to 
cool  slowly,  being  kept  well  stirred.  The  temperature  of  inci- 
pient solidification  is  observed  several  times,  to  avoid  possible 
errors  arising  from  supersaturation,  although  with  this  salt- 
alloy  no  such  condition  appears  to  obtain.  As  considerable 
pressure  may  be  exerted  on  the  tube,  it  and  the  thermometer 
were  viewed  through  two  sheets  of  glass  six  inches  apart. 
None  of  the  tubes,  however  have  burst. 

The  following  results  were  obtained: — 


Percentage  of 
Salt. 

100 

Solidifying 
temperature. 

207° 

99-82 

203"*  or  204° 

98-24 

197° 

§  251.  These  results  are  striking  and  important.  The 
phenomenon  of  fusion  per  se  is  continuous  with,  and  nothing 
more  than  an  extreme  case  of,  liquefaction  by  solution.     When 
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we  are  consideriDg  such  a  case  as  the  second,  near  the  top, 
where  0*18  weight  of  water  dissolves  99*82  of  salt,  we  are  in- 
duced to  regard  it  as  a  solution  of  water  in  the  fused  salt 
rather  than  the  converse,  especially  as  the  solidifjing-point  is 
so  near  that  of  the  dry  salt.  It  will  be  readily  granted  that  a 
proportion  of  the  aUoy  and  water  having  even  less  water  than 
the  above  will  have  an  incipient  solidifying  temperature  even 
closer  to  the  temperature  of  fusion  of  the  dry  alloy.  Hence 
the  question.  Is  this  a  case  of  fusion  or  solution  ?  is  to  be 
answered  by  the  reply.  It  is  continuous  with  both. 

The  above  results  with  this  salt-alloy  gave  encouragement 
for  the  examination  of  nitre  alone  wiih  water.  The  thermal 
relationship  of  nitre  and  water  from  —3°  C,  the  melting- 
point  of  the  cryohydrate,  to  the  boiling-point  of  a  saturated 
solution  at  one  atmospheric  pressure,  about  115^  C,  has  been 
pretty  fully  examined  by  others  and  myself.  The  results  are 
shown  in  Table  LVI.  The  first  sixteen  are  from  my  memoir 
IV.,  §  129;  the  next  five  are  on  the  authority  of  Gay-Luesac; 
the  last  seven,  which  are  those  to  which  I  wish  here  to  direct 
particular  attention,  are  obtained  by  the  use  of  sealed  tubes 
as  described  in  §  240.  The  result  corresponding  to  T  =  115° 
is  interpolated  for  the  sake  of  verification  from  Table  L  VII. 
§  253,  where  a  different  method  of  experimenting  was  under- 
taken for  a  different  purpose.  For  T  =  100^  C,  the  solu- 
tion saturated  at  114°  C.  was  allowed  to  cool  for  several 
hours  in  a  tube  surrounded  by  boiling  water  (16'05  grams 
gave  11*485  grams  nitre).  For  T  =  109°  C,  the  solution 
saturated  at  114°  C.  was  allowed  to  cool  for  several  hours  in 
a  tube  surrounded  by  a  boiling  saturated  solution  of  chloride 
of  sodium  (17*83  grams  of  ihe  solution  gave  13*2945  grams 
of  nitre). 

§  252.  It  must  not  be  overlooked  that,  although  the  tubes  in 
the  last  seven  experiments  were  filled  as  full  of  the  nitre  as  the 
exigencies  of  manipulation  permitted,  a  certain  air-space  was 
unavoidably  left  into  which  the  water  in  the  tube  was  free  to 
evaporate.  In  the  last  one,  indeed,  in  which  water  was  present 
its  actual  weight  was  only  0*114  gram.  This,  heated  by  itself 
in  the  free  space  to  300°  C.,  would  have  become  dry  superheated 
steam.  But  the  fact  that  it  lowered  the  temperature  of  solidifi- 
cation 20°  C.  shows  that  in  the  presence  of  nitre  it  is  not  all 
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free.  The  vaponr-tensions  of  strong  solutions  of  nitre  vrill 
have  to  be  determined.  Correlation  with  this  table  or  with 
Wiillner's  results  is  all  the  more  necessary,  because,  as 
has  been  shown  by  Sorby  and  others,  variation  in  pressure  is 
not  without  influence  on  solubility  as  M'ell  as  upon  fusion, 
per  se. 

Table  LVI. 


I. 

n. 

m. 

A  solution  of 
nitre  in  water 
containing  the 
following  per- 
centage of  nitre, 

that  is,  to  1 

weight  of  water 

containing  the 

following 

weights  of 

nitre. 

b^ns  to  solidify 
at  the  following 
temperature  0., 

giTin^  up  as  u 

Bohd  the 
following : — 

0 

0-0000 

00 

Ice. 

1 

0-0101 

-0-1 

t» 

2 

00203 

-03 

" 

3 

0-0309 

-0-7 

>» 

4 

00417 

-11 

It 

5 

0-0526 

-1-5 

i» 

7 

00763 

-2-2 

It 

8-5 

00929 

-26 

»i 

10 

01111 

-29 

ff 

11-2 

0-1261 

-30 

Oryohydrate. 

12 

01864 

0-0 

Nitre. 

13 

01481 

+2-0 

H 

15 

01765 

+60 

It 

20 

0-2500 

+  14-0 

ft 

25 

03333 

+21-0 

It 

35 

0-5385 

+35-0 

40 

0-6667 

+41-0 

ft 

*43-3 

0-7637 

+451 

*492 

0-9686 

+547 

tt 

#55-4 

12421 

+65-4 

If 

«62-5 

1-6667 

+79-7 

,1 

#70  3 

23663 

+97-6 

|l 

7156 

2-5162 

+  100-0 

74-56 

2-9308 

+109-0 

,1 

74-97 

2-9956 

+114-0 

II 

75-2 

3-0323 

+1150 

II 

7914 

3-7939 

+123-0 

II 

84-67 

6-5231 

+  151-0 

8i>-94 

8-9404 

+201-0 

^, 

9511 

19-4499 

+262-0 

^^ 

98-86 

86-7193 

+3000 

^^ 

10000 

00 

+320-0 

'» 

*  Gay-: 

The  graphic  representation  of  this  relationship  is  shown  in 
fig.  4,  curve  A,  an  ordinate  of  1°  C.  being  taken  equal  to  an 
abscissa  of  1  per  cent,  of  nitre.     The  curve,  after  dipping  to  the 
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cryohydrate,  rises  through  0°  C.  and  reaches  the  100  per  cent, 
at  320°  C.  Perhaps  curve  B  shows  the  relationship  better. 
It  is  traced  from  columns  II.  and  III.  It  is  asymptotic  to 
the  temperature-line  320°  C,  and  shows  how  fused  nitre  and 
fused  ice  are  miscible  with  one  another  in  all  proportions. 

§  253.  Boilinff'Points  of  Solutions  of  Nitre. — To  determine 
the  boiling-points  of  solutions  of  nitre  of  various  strengths, 
40  grams,  which  were  in  the  later  experiments  made  up  to 
100  grams,  were  placed  in  a  clean  tin  vessel  having  a  narrow 
neck,  together  with  a  thermometer  and  an  indefinite  amount  of 
water.  The  whole  was  supported  in  a  hot-air  chamber  so  that 
the  neck  only  of  the  tin  vessel  projected.  An  arrangement 
was  also  made  for  blowing  hot  air  through  the  upper  part  of 
the  vessel.  By  this  arrangement  it  was  hoped  that  the 
amount  of  water  condensed  in  the  vessel  above  the  liquid 
would  be  inconsiderable.  The  liquid  was  boiled  until  a 
certain  temperature  was  reached.  The  vessel  was  then  re- 
moved, partially  cooled,  and  weighed.  This  was  done  at  every 
lialf- degree.  In  the  tfible  the  temperatures  are  deduced  at 
which  boiling  occurs  in  strengths  rising  5  per  cent,  from  20 
per  cent.  In  column  II.  the  results  are  smoothed  out  under 
the  assumption  that  there  is  a  rise  of  1^*211  for  every  5  per 
cent. 

Table  LVII. 


Per  cent. 

I. 

II. 

20  .  .  . 

.  101-50 

101-50 

25  .  .  . 

.  102-83 

102-72 

30  .  .  . 

.  103-41 

103-93 

35  .  .  . 

.  10402 

105-14 

40  .  .  . 

.  104-50 

106-35 

45  .  . 

.  .  106-56 

107-56 

50  .  .  . 

.  107-22 

108-77 

55  .  .  . 

.  108-85 

109-98 

GO  .  . 

.  110-16 

111-19 

65  .  . 

.  .  110-81 

112-40 

70  .  .  . 

.  1 13-00 

113-51 

75  .  .  . 

i__x  -p  ii : 

.  11492 

A i.-.l   -i.  .rrc 

114-92 

The  last  of  them  is  saturated  at  '758  millim.  atmospheric 
pressure,  and  the  result  is  inserted  in  the  table,  §  252. 
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§  254.  When  a  conception  sach  as  the  above  is  once  fairly 
grasped^  nnmerous  exemplary  phenomena  which  have  hitherto 
been  vaguely  entertained  re-present  themselves  and  claim  kin- 
dred with  it.  Thus  it  is  well  known  that  the  temperatures  of 
fusion  of  many  organic  solids  are  notably  lower(»d  when  in 
contact  with  water,  or  even  when  imperfectly  dried ;  and 
this  is  more  marked  with  those  whose  temperatures  of  fusion 
are  not  high,  and  which  are  nominally  classed  among  insoluble 
bodies.  Such  bodies  will,  especially  when  in  a  state  of  fine 
division,  condense  water  from  the  air,  and  hold  it  with  such 
tenacity  that  they  will  not  relinquish  it  wholly  and  imme- 
diately when  heated  to  or  even  above  100°  C.  Again,  acetate 
of  potassium  in  solution  and  subjected  to  heat,  shows  continuity 
of  the  liquid  condition  between  strong  solution  and  anhydrous 
fusion.  Further,  if  nitrate  of  ammonium  be  dried  before  a 
brisk  fire,  or  in  vacuo  over  sulphuric  acid,  it  has  no  associated 
water.  But  a  solution  of  ^at  salt  in  water  passes,  on 
evaporation  over  the  flame,  from  the  state  of  solution  to  Sunt 
of  fusion  without  intermediate  solidification.  Nay,  under  such 
treatment  it  may  begin  to  decompose  before  it  has  become 
anhydrous.  This  has,  indeed,  led  some  experimenters  to 
conclude  that  in  the  dry  crystalline  state  it  contains  a  mole- 
cule of  water.  This  has  arisen  from  the  two  facts — first,  that 
it  is  hygroscopic  in  moist  air,  and,  second,  that  one  of  the 
products  of  its  decomposition  in  the  dry  state  is  water.  The 
lowering  of  the  boiling-point  of  a  liquid  by  admixture  with 
even  a  very  little  of  another  liquid  having  even  a  higher 
boiling-point  is  a  phenomenon  of  the  same  order. 

§  255.  Geological  bearing  of  §§  249-254. — Just  as  in  the 
selective  formation  of  what  in  mv  last  memoir  were  described 
as  salt-alloys  we  may  have  the  artificial  type  of  the  genesis  of 
many  primary  rocks  and  metamorphic  modifications,  so  in  the 
wonderful  solubility  in  or  miscibility  with  water  of  sucli 
alloy's  and  of  some  salts  at  high  temperatures  we  may  have  a 
no  less  clear  type  of  the  formation  of  certain  volcanic  rocks 
and  an  explanation  of  some  of  their  peculiarities.  The 
function  of  water  in  affecting  rocks  has  been  subjected  to 
a  most  exhaustive  examination  by  Daubr^e.  Water,  in 
both  its  solid  and  liquid  form,  is  a  rock.  Under  pressure 
the  limit  of  temperature  is  not  known  to  which  it  may  be 
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beated  witliout  decomposition^  when  in  contact  with  bodies 
saturated  with  oxygen.  Granting  that  water  may  have  a  so^ 
called  critical  temperature,  and  range  above  it  when  it  is 
heated  with  bodies  which  have  no  physical  relationship  to- 
wards it,  still  at  high  pressures  it  will  be  compressible  as  a 
vapour  to  a  density  at  least  as  great  as  that  of  liquid  water  ; 
and  until  actual  decomposition  ensues  the  physical  relation* 
ship  of  the  water-molecule  with  the  rock-molecule  will  re- 
main possibly  unchanged.  It  is  true  that  at  the  very  highest 
temperatures  water  appeared  to  be  decomposed  ;  but  this  is 
only  when  it  is  unconfined. 

Whether  the  earth's  temperature  be  vastly  greater  towards 
its  centre  than  it  is  near  the  surface,  or  whether  the  observed 
increase  with  depth  be  confined  to  a  mere  skin  of  the  earth, 
there  seems  to  be  no  reason  to  suppose  that  water  may  not, 
and  does  not,  exist  at  the  earth's  very  centre. 

If  the  earth  were  a  sphere  of  liquid  having  a  density  of  5, 
the  pressure  at  its  centre  would  be  over  three  million  atmo- 
spheres— a  pressure  competent  to  preserve  the  density  of 
water  at  a  temperature  suiGcient  to  fuse  perhaps  the  most 
refractory  known  rocks.  But  at  this  high  temperature  the 
water  would,  judging  by  analogy,  mix  freely  with  the  rock 
and  relieve  itself — one  cannot  yet  say  how  much  (compare, 
however,  my  next  memoir,  IX.),  but  certainly  very  greatly 
from  its  tension. 

That  there  are  true  sedimentary  formations  of  course  no 
one  can  deny ;  but  to  attribute  to  marine  influence  the 
formation  of  rocks  because  water  is  found  vnthin  them,  or 
because  water  is  liberated  when  melted  rock-masses  are 
ejected,  is  a  contention  no  longer  supportable.  Obsidian 
melted  and  under  pressure  will,  I  presume,  mix  freely  with 
water.  When  this  pressure  is  gradually  removed,  water- 
vapour  escapes,  and  although  it  takes  with  it  a  large  amount  of 
heat,  the  temperature  of  the  obsidian  may  still  remain  above 
lis  point  of  anhydrous  fusion^  or  it  may  be  maintained  fused 
by  heat  from  other  sources.  Finally  cooled,  it  is  the  familiar 
glassy  amorphous  mineral.  A  quick  release  of  pressure 
entails  a  quick  vaporization  of  water  and  a  quick  loss  of  heat. 
The  obsidian  mass,  during  and  because  of  the  loss  of  water 
and  the  loss  of  heat,  becomes  pasty  and  "  rises  "  like  dough 
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during  fermentation,  and  becomes  pumice,  which  is  often 
found  overlying  obsidian.  A  quicker  release  of  pressure 
from  above  causes  the  vesicular  and  vesiculating  masses  to  be 
projected,  and  if  the  vesiculation  is  carried  far  and  fast 
volcanic  dust  is  produced.  That  water  is  one  of  the  ac- 
companiments of  volcanic  activity  is  well  known.  The 
presence  of  hydrochloric  acid  in  the  ejecta,  and  the  almost 
universal  neighbourhood  of  the  sea  to  active  volcanoes,  has 
favoured  the  view  that  the  material  for  the  motive  power  is 
supplied  by  the  marine  irruption.  Without  entering  upon 
the  question  as  to  whether  sea-water  is  essential  to  volcanoes, 
and  whether  hydrochloric  acid  is  a  product  of  the  action  of 
acid  silicates  or  silicic  acid  upon  the  chlorides  in  that  liquid, 
I  contend  that  the  evidence  is  conclusive  that  at  one  period 
the  melting  masses  contain  water.  They  are  in  the  same 
predicament  as  the  nitre  liquified  along  with  water  at  a  high 
temperature  and  under  corresponding  great  pressure. 

This  subject  has  been  so  fully  discussed  by  Daubr^e  in  his 
various  memoirs,  and  is  so  ably  treated  in  his  G4ologie 
Eap4rimerdaley  that,  as  far  as  their  geological  bearing  is 
concerned,  my  experiments  may  be  considered  as  merely 
adding  another  chapter  to  his  work. 

Graham  has  shown  how  alumina,  silica,  oxide  of  tin,  and 
oxide  of  iron  may  be  obtained  in  aqueous  solution  in  the 
colloidal  state;  and  Daubr^e  has  proved  that  at  high  tem- 
perature and  under  pressure  water  disintegrates  and  decom- 
poses certain  rocks,  and  rearranges  their  constituents,  and 
has  argued  that,  assisted  by  capillarity  and  high  temperature, 
many  phenomena  of  volcanism  and  metamorphism  are  to  be 
attributed  to  that  agent.  He  has  thus  vastly  extended  the 
scope  of  the  long-known  action  of  water  on  silicates,  and 
showed  that  under  conditions  of  temperature  water  alone 
plays  as  potent  a  part  in  such  disintegration  as  the  fixed 
alkalies  were  known  to  do  under  like  conditions.  My  experi- 
ments may  perhaps  be  considered  as  leading  us  a  step  further. 
For  they  show  that  water  at  a  high  temperature  may  not 
only  play  the  part  of  a  solvent  in  the  ordinary  restricted 
sense,  but  that  there  is  in  many  cases  no  limit  to  it&  solvent 
faculty ;  in  other  woixls,  that  it  may  be  miscible  with  certain 
rocks  in  all  proportions  :  that  solution  and  mixture  are  coa- 
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tinnous  with  one  another.  And  this  continaity,  as  my  experi- 
ments prove,  is  established  in  some  cases, — and  these  indeed 
with  bodies  having  no  chemical  affinity  with  water, — ^at  tem- 
peratures not  above  the  temperatures  of  fumon  of  those  bodies 
per  8€,  This  induces  me  to  think  that  the  replenishment  of 
water  in  rock»  by  capillarity,  an  action  upon  which  Daubr(5e 
lays  great  stress  and  with  regard  to  which  he  adduces  many 
striking  experimfents,  is  not  an  essential  condition.  I  mnst^ 
however,  leave  the  discussion  of  this  question  to  petrologists- 

[Note  added  June  16,  1884* — Since  the  above  was  in  pnni 
I  have  been  favoured  with  a  copy  of  a  most  interesting 
memoir  by  Frof,  Tilden  and  Mr.  W.  A.  Shenstone  on  the 
"  Solubility  of  Salts  in  Water  at  High  Temperatures,"  read 
before  the  Royal  Society  of  London,  June  21, 1883  (Transac- 
tions of  the  Royal  Society,  Part  I,  1884).  Accordingly^ 
wherever  in  the  two  memoirs  there  may  be  found  similarity 
in  results  or  ideas,  the  priority  is  theirs. 

These  gentlemen  have  apparently  been  to  a  considerable 
extent  guided  by  the  conception  that  there  is  a  relationship 
between  the  solubility  of  a  salt  in  water  and  its  temperature 
of  fusion.  And  perhaps  their  main  argument  concerns  thi^ 
relationship.  They  have  made  a  special  study  of  those  inter- 
esting cases  in  which  the  solid  salt  contains  water  of  crystal* 
lization.  This  branch  of  the  inquiry  I  have  rather  deliberately 
avoided,  as  I  wished  to  establish  the  analogy  between  metallic 
and  dry-salt  alloyage,  on  the  one  hand,  and  water-salt  alloyage 
on  the  other.  Nevertheless  they  examined  the  solubility  of 
nitre  in  water  at  125^.  Their  experiments  on  solubility  appear 
to  stop  short  far  below  the  temperature  of  fusion  of  the  salt 
per  se  (excepting  in  cases  where  the  salt  contains  water  of 
crystallization).  They  distinctly  state,  however,  that  infinite 
solubility  is  "nearly  true  of  benzoic  acid,  which  melts  at 

120° By  sealing  it  up  with  water  in  a  glass  tube  and 

heating  to  a  few  degrees  beyond  the  melting-point,  intermix- 
ture occurs  in  all  proportions  ;  and  the  liquid  so  obtained,  on 
cooling  to  120°,  or  about  1°  lower,  becomes  turbid  from  depo- 
sition of  oily  drops,  which,  however,  immediately  crystallize.'* 
— F.  G.] 
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XV.  On  a  new  Apparatus  for  Colour- Combinations.  JBi/13., 
H.  HoFFPBT,  B.Sc,  A.R.S,M,,  Assistant  in  tlie  Physical 
Laboratory  J  South  Kensington^. 

[Plate  XI.] 

Various  arrangements  for  the  mixture  of  coloars  have  ahready 
been  devised  by  Maxwell,  Bayleigh,  Helmholtz^  and  others^  by 
means  of  which  the  laws  of  colour-combinations  have,  in  their 
main  features,  been  firmly  established. 

Wishing  to  observe  for  myself  the  principal  phenomena 
connected  with  this  subject,  I  have  repeated,  during  the  past 
winter,  many  of  the  experiments  thus  described,  both  with  the 
colour-top  and  with  overlapping  spectra.  Being  desirous  of  ob- 
taining some  convenient  arrangement  whereby  any  two  or  three 
colours  of  the  spectrum  could  be  combined  in  any  required 
proportion,  and  compared  with  the  colours  either  of  natural 
objects  or  of  other  spectral  combinations,  I  tried  various  ex- 
periments, using  the  method  first  adopted  by  Maxwell,  of 
observing,  by  means  of  a  slit-eyepiece,  the  spectra  produced 
by  light  proceeding  from  illuminated  slits,  and  passing  through 
a  train  of  glass  prisma;  this  method  being  equivalent  to  look- 
ing through  a  hole  in  a  screen  on  to  which  are  cast  two  or 
three  superposed  spectra,  so  that  the  colour  perceived  is  that 
due  to  the  mixture  of  those  parts  of  the  several  spectra  which 
fall  on  the  hole. 

In  these  experiments  I  have  been  assisted  by  my  colleague 
Mr.  Mitchell,  to  whom  I  am  also  indebted  for  several  valuable 
suggestions. 

We  first  tried  a  modified  form  of  Maxwell's  colour-box, 
using  eventually  six  equilateral  glass  prisms,  arranged  in  two 
sets  of  three  symmetrically  with  respect  to  the  eyepiece  ;  so 
that  if  the  latter  be  made  a  source  of  light,  the  rays  are  bent 
through  about  150°,  and  being  then  received  on  to  a  lens,  are 
focused  on  to  planes  situated  on  either  side  of  the  eyepiece, 
this  arrangement  being  found  very  convenient  for  manipu- 
lation. 

Movable  slits  of  fixed  width,  sliding  in  a  frame  with  bellows- 
creens  of  opaque  silk  between,  were  used  as  sources  of  light, 

*  Head  June  14, 1864. 
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lamps  being  placed  ontside  them.  The  intensity  of  the  light 
was  regulated  by  means  of  Nicol  prisms^  one  being  attached 
to  each  slit,  so  as  to  be  capable  of  rotation^  while  an  analyzing 
Nicol  was  fixed  in  the  eyepiece.  The  intensity  coold  thus  be 
readily  altered  for  each  slit  separately. 

This  arrangement  was  found  to  answer  fairly  well,  but  its 
necessarily  large  dimensions  were  a  great  inconvenience.  A 
very  long  spectmm  was  needed,  as  the  slits  could  not  be 
brought  very  close  on  account  of  the  size  of  the  Nicol  prisms; 
hence  also  there  was  great  loss  of  light. 

Movable  slits,  whether  of  fixed  or  adjustable  width,  are 
very  troublesome  to  manipulate,  and  do  not  admit  of  very 
rapid  and  easy  adjustment ;  they  were  therefore  abandoned 
altogether,  and  in  their  place  the  light  from  small  lengths  of 
platinum  wire,  heated  to  incandescence  by  an  electric  current* 
was  employed.  Preliminary  trials  having  proved  satisfactory, 
the  apparatus  was  constructed  which  I  now  bring  before  your 
notice. 

The  prisms,  lenses,  and  sources  of  light  are  enclosed  in  a  flat 
box  of  irregular  hexagonal  shape,  at  the  smaller  end  of  which 
the  six  prisms  (P,  PI.  XI.)  are  placed.  These  are  arranged,  as 
already  described,  in  two  sets  of  three,  each  prism  being  set 
to  minimum  deviation.  The  first  prisms  have  their  refracting- 
edges  in  contact;  and  by  means  of  a  screen  (S),  in  which  is  a 
small  rectangular  aperture,  small  equal  strips  of  the  adjacent 
faces  of  these  prisms  are  visible  from  the  eyepiece  (E),  which 
is  a  small  brass  tube  with  a  narrow  slit,  about  ^  inch  wide. 

Supposing  light  to  come  from  the  eyepiece,  the  prisms 
would  deflect  it  through  about  150^  ;  it  would  then  fall  on  to 
two  lenses  (L),  of  about  10  inches  focal  length,  which  focus 
the  spectra  on  to  the  two  sides  of  the  box  immediately  to  the 
right  and  left  of  the  eyepiece.  Here  are  placed  the  incan- 
descent wires  (W);  so  that,  conversely,  if  these  be  the  sources 
of  light,  the  rays  follow  an  inverse  course,  and  the  correspond- 
ing half  of  the  aperture  in  the  screen  is  seen  illuminated  with 
a  colour  which  wOl  depend  on  the  position  of  the  incandescent 
wire,  and  which  will  be  pure  and  uniform  if  the  wire  be  not 
too  thick,  the  slit  in  the  eyepiece  too  wide,  or  the  strip  of  the 
prism  exposed  too  large.  The  colours  are  found  in  practice  to 
be  perfectly  uniform. 

VOL  VI.  R 
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The  prisms  and  lenses  are  supported  at  the  level  of  the  in- 
candescent wires,  on  a  horizontal  floor  (G),  which  divides  the 
box  two  inches  from  the  top  into  two  compartments,  and 
which  is  cnt  away  so  as  to  leave  a  space  for  the  tops  of  the 
frames  carrying  the  wires  to  enter  the  upper  compartment. 
These  frames  (W),  which  are  six  in  number,  three  on  each 
side,  consist  of  brass  wires  held  on  small  ebonite  blocks  (I), 
which  slide  along  a  steel  rod  (H)  supported  on  a  ledge  inside 
the  box.  The  frames  can  be  moved  along  the  length  of  the 
spectrum  from  outside  by  means  of  openings  (A)  cut  in  the 
sides  of  the  box,  into  which  the  hands  can  be  introduced. 
These  openings  are  below  the  level  of  the  horizontal  floor,  so 
that  the  upper  compartment,  which  is  everywhere  blackened 
inside,  is  quite  impervious  to  external  light,  unless  the  lids  in 
the  cover  of  the  box,  to  be  presently  described,  are  opened. 

The  frames  are  connected  by  flexible  wires  to  a  series  of 
resistances  arranged  in  the  lower  compartment  of  the  box;  and 
by  means  of  six  dials  (R),  on  the  sides  of  the  box,  each  of  the 
six  circuits  can  be  altered  in  resistance  at  will,  so  that  the 
incandescent  wires  can  be  rapidly  adjusted,  whether  in  position 
or  in  intensity,  by  the  observer  without  his  having  to  remove 
his  eye  from  the  eyepiece.  Six  paire  of  binding-screws  (T) 
at  the  back  of  the  box  connect  the  six  circuits  with  a  Grove 
battery.  By  this  means,  when  the  current  is  passing,  the 
aperture  in  the  screen  is  seen  divided  into  two  coloured  strips 
in  close  juxtaposition  ;  one  colour  being  that  due  to  the  wires 
and  prisms  on  the  right  hand,  the  other  to  those  on  the  left. 
The  colours  can  thus  be  readily  compared  and  adjusted  to 
exact  identity. 

It  remains  to  describe  the  means  by  which  external  colours 
can  be  introduced  for  comparison  with  those  produced  by  the 
prisms. 

The  cover  of  the  box  contains  three  small  hinged  lids.  Two 
of  these  (C)  are  over  the  luminous  wires,  and  serve  to  adjust 
or  replace  the  wires  in  case  of  accidental  fusion.  The  third 
lid  (D)  opens  over  the  space  just  in  front  of  the  screen.  Here 
IS  placed  a  small  strip  of  microscope  cover-glass  (M),  inclined 
at  about  60°  to  the  horizontal,  and  so  arranged  that,  as  seen 
from  the  eyepiece,  it  exactly  covers  that  portion  of  the  aper- 
ture in  the  screen  which  is  illuminated  by  the  light  from  the 
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left-hand  train  of  prisms,  this  light  being  thus  seen  through 
the  glass  slightly  diminished  in  intensity.  On  the  underside 
of  the  lid  is  a  small  silvered  mirror  (N);  and  by  raising  the 
lid  to  the  proper  height,  the  colour  of  any  object  laid  on  the 
top  of  the  box  is  seen  by  double  reflection  in  the  eyepiece, 
exactly  coinciding  with  the  left  half  of  the  aperture  in  the 
screen.  This  colour  may  be  either  combined  with  that  from 
the  left-hand  train  of  prisms,  or  compared  with  that  from  the 
right-hand  train.  For  white  light  I  use  the  light  from  a 
window,  which  may  be  reduced  in  intensity  to  any  desired 
amount  by  passing  it  through  one  or  more  pieces  of  roughened 
glass,  held  in  a  frame  placed  on  the  top  of  the  box.  Coloured 
glasses,  or  cells  of  coloured  fluids,  can  similarly  be  placed  in 
the  frame,  so  that  almost  every  possible  combination  or  com- 
parison of  colours  may  be  made.  Another  frame,  which 
may  be  placed  inside  the  box  between  the  screen  and  the 
eyepiece,  serves  to  show  the  action  of  different  absorbing 
media  on  colours  identical  in  appearance  but  of  different 
composition. 

The  colours  produced  are  uniform,  very  constant,  and  fairly 
bright.  Those  from  the  blue  and  violet  parts  of  the  spectrum 
are  necessarily  more  deficient  in  luminosity.  This  is  partially 
compensated  by  using  in  the  less  luminous  parts  of  the  spec- 
trum ribbons  of  platinum,  produced  by  rolling  out  the  wires, 
.with  their  flat  surfaces  turned  towards  the  lenses.  This  is 
equivalent  to  increasing  the  width  of  the  slit  in  ordinary 
arrangements.  Should  the  wires  become  fused  through  in- 
cautiously using  too  strong  a  current,  they  can  be  very  readily 
replaced  by  means  of  the  screws  (K). 

For  the  current,  three  Grove's  cells  are  needed  for  each  of 
the  ribbons  and  two  for  each  of  the  wires.  But  since  the 
frames  carrying  the  wires  can  be  brought  together  till  the 
wires  are  nearly  in  contact,  and  since  the  wires  themselves 
offer  extremely  narrow  luminous  surfaces,  a  very  long  spec- 
trum is  not  needed  ;  and  by  using  more  powerful  lenses  and 
bringing  the  sliding  frames  closer  to  them,  a  greater  intensity 
of  light  wotdd  result;  while  the  size  of  the  box  might  thus  be 
reduced  to  one  half  or  even  less  of  its  present  amount,  the 
eyepiece  being  kept  at  a  sufficient  distance  by  the  use  of  a 
longer  tube,  which  might  be  made  removable.     One  Grove 

r2 


Digiti 


zed  by  Google 


204  MR.  OLAZBBBOOK  ON  A  METHOD  OF  MBASURIKG 

cell  would  then  suffice  for  each  wire^  or  at  most  two  when 
experimenting  on  the  violet  rays. 

Instead  of  the  step^by-step  dial-resistances,  some  arrange- 
ment giving;  like  the  rheostat,  a  gradual  adjustment  of  the 
intensity  would  be  perhaps  preferable. 

Scales  can  be  attached  in  front  of  the  sliding  frames  to  show 
the  exact  position  in  the  spectrum  of  each  of  the  luminous  wires. 

I  trust  that  the  ease  and  rapidity  with  which  the  adjust- 
ments in  this  apparatus  can  be  made  will  cause  it  to  be  found 
useful  in  those  many  cases  in  which  it  is  impossible  or  incon- 
venient to  make  use  of  the  more  powerful  effect  of  direct 
sunlight. 

XVI.  On  a  Method  of  Measuring  tlie  Electrical  Capacitt/  of  a 
Condenser,  and  on  t/ie  Determinatum  by  Electrical  Observa- 
tions of  the  Period  of  a  Tuning-fork.  By  R.  T.  Glazb- 
BBOOE,  M.A.J  F.R.S,,  Demonstrator  of  Experimental  Physics 
at  the  Cavendish  Laboratory ,  Cambridge*. 

The  experiments  described  in  the  following  paper  were 
undertaken  at  the  request  of  Messrs.  Latimer  Clark,  Muir- 
head,  and  Co.,  for  the  purpose  of  testing  one  of  their  con- 
densers "  which,*'  quoting  from  a  letter  from  the  firm,  "  has 
lately  been  made  and  which  we  use  in  the  factory.  In  its 
construction  it  is  the  same  as  all  our  condensers,  and  is  made 
of  sheets  of  mica  and  tinfoil  and  laid  with  paraffin-wax." 

The  method  employed  was  a  modification  of  one  given  by 
Maxwell  (vol.  ii.  §  776),  and  used  by  J.  J.  Thomson  (Phil. 
Trans,  iii.  1883)  in  his  recent  determination.  The  following 
is  his  description  of  the  arrangement : — 

"  In  a  Wheatstone  bridge,  A  B  C  D  (fig,  1),  with  the  galva- 
nometer at  G  and  the  battery  be-  Rg.  1. 
tweon  A  and  B,  the  circuit  B  D  is 
not  closed,  but  the  points  B  and  D 
are  connected  with  two  poles,  R  and 
S,  of  a  commutator,  between  which 
a  travelling  piece,  P,  moves  back- 
wards and  forwards.  P  is  connected 
with  one  plate  of  a  condenser,  the 
other  plate  of  which  is  connected     A" 
•  Read  June  28,  1884. 
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with  D.  ThuS;  when  P  is  in  contact  with  S  the  condenser 
will  be  charged^  and  until  it  is  fully  charged  elecfcricity  will 
flow  into  it  from  the  battery:  this  will  prodace  a  momen- 
tary current  through  the  various  arms  of  the  bridge.  When 
the  moving  piece  P  is  in  contact  with  B,  the  two  plates 
of  the  condenser  are  connected^  and  the  condenser  will  dis- 
charge itself  through  D  B ;  and  as  the  resistance  of  D  B  is 
infinitesimal  in  comparison  with  the  resistance  in  any  other 
circuit,  the  discharge  of  the  condenser  will  not  send  an  appre- 
ciable amount  of  electricity  through  the  galvanometer.  Thus, 
if  we  make  the  moving  piece  P  oscillate  quickly  from  B  to  S, 
there  will,  owing  to  the  flow  of  electricity  to  the  condenser,  be 
a  succession  of  momentary  currents  through  the  galvanometer. 
The  resistances  are  so  adjusted  that  the  deflection  of  the  gal- 
vanometer produced  by  tiiese  momentary  currents  is  balanced 
by  the  deflection  due  to  the  steady  current,  and  the  resultant 
deflection  is  zero.  When  this  is  the  case,  there  is  a  relation 
between  the  capacity  of  the  condenser,  the  number  of  times 
the  condenser  is  charged  and  discharged  in  a  second,  and  the 
resistances  in  the  various  arms  of  the  bridge." 

The  investigation  given  by  Maxwell  is  only  approximate  ; 
we  shall  quote  therefore  the  result  given  in  Thomson's  paper. 

Let  a  be  the  resistance  of  A  C, 
b  „  „  AB, 

e  „  „  AD, 

d  „  „  BC, 

ff  V  »  I^C. 

Let  C  be  the  capacity  of  the  condenser,  n  the  number  of  times 
it  is  charged  and  discharged  per  second  ;  then 


nC= 


The  commutator  was  the  one  used  by  J.  J.  Thomson,  and 
we  will  quote  his  description : — "  The  current  from  some 
Grove  cells  passes  first  through  a  tuning-fork  interrupter  and 
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then  through  the  coils  L  M  (fig.  2)  of  an  electromagnet. 
P  N  is  a  strip  of  brass  with  a  piece  of  iron  wire  attached  to  it 

Fig.  2. 


When  there  is  no  current  passing  through  the  electromagnet 
the  elasticity  of  the  rod  PN  makes  it  press  against  the 
screw  T,  which  is  electrically  connected  with  the  binding- 
screw  B.  When  the  current  passes  through  the  electromagnet, 
the  magnet  attracts  the  iron  attached  to  the  rod  PN  and 
brings  it  into  connexion  with  the  stop  G,  which  is  electrically 
connected  with  the  binding-screw  S.  The  letters  P  R  S  indi- 
cate the  same  points  in  this  figure  as  in  fig.  1.  All  the  places 
where  contact  is  made  are  covered  with  platinum,  and  the 
whole  arrangement  is  fastened  down  to  an  ebonite  board.  As 
the  current  passes  intermittently  through  the  coils  L  M  of 
the  electromagnet,  the  vibrating-piece  P  N  strikes  alternately 
against  the  parts  Q  and  T.  When  it  strikes  against  G,  the 
opposite  plates  of  the  condenser  are  connected  with  the  two 
poles  of  the  battery;  when  it  strikes  against  T,  the  condenser 
is  discharged." 

The  main  advantages  of  this  method  over  the  one  ordinarily 
employed  for  the  determination  of  the  capacity  of  a  condenser 
whose  capacity  is  comparable  with  a  microfarad  are  easily 
seen.  In  the  first  place  it  is  a  null  method  ;  no  assumptions 
are  required  as  to  the  constancy  of  the  battery.      In  the 
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second,  the  galvanometer  can  readily  be  made  much  more 
sensitive.  For  accurate  work  in  the  ordinary  method,  the 
field  of  force  in  which  the  galvanometer-needle  hangs  should 
be  nearly  uniform.  The  earth's  force  is  much  too  strong, 
nnless  an  enormous  battery-power  be  employed,  and  it  is 
difficult  to  secure  a  uniform  field  by  a  control  magnet. 
Something  may  of  course  be  done  by  the  use  of  an  astatic 
galvanometer-needle;  but  it  is  impossible  to  increase  the 
sensitiveness  in  this  way  very  much,  because  the  torsion  of  the 
suspending  fibre  then  becomes  important.  Again,  in  the 
ordinary  method  the  time  of  swing  cannot  be  detennined 
accurately  if  it  be  made  too  small;  the  moment  of  inertia  of 
the  suspended  parts  therefore  must  be  considerable,  and  the 
deflection  produced  by  a  given  quantity  of  electricity  suddenly 
discharged  through  the  galvanometer  is  proportionately  de- 
creased ;  for,  if  T  be  the  time  of  swing,  0  the  throw  produced 
by  a  quantity  of  electricity  Q,  then  T  sin  ^  ^  is  proportional 
to  Q.  In  addition  to  this,  there  is  the  correction  for  damping 
which  has  to  be  considered. 

On  the  other  hand,  objections  may  be  raised  to  the  method 
which  has  just  been  described.  The  most  important  of  these 
is  founded  on  the  fact  that  the  time  during  which  the  plates 
of  the  condenser  are  in  contact  either  with  each  other  or  with 
the  poles  of  the  battery  is  very  short.  It  may  happen,  then, 
that  the  condenser  is  neither  charged  nor  discharged  com- 
pletely at  each  vibration  of  the  commutator;  while  if  there  be 
any  electrical  absorption  in  the  condenser,  its  effects  will 
depend  on  the  time  during  which  the  contact  lasts.  The 
experiments  to  be  described  were  undertaken  with  the  view 
of  testing  the  method  for  these  defects.  The  time  during 
which  the  plates  of  the  condensers  are  connected  with  the 
battery  is  the  time  during  which  the  spring  P  N  is  in  contact 
with  Gr.  This  is  only  a  fraction  of  the  period  of  the  tuning 
fork  which  governs  the  commutator,  a  fraction  which  depends 
on  the  distance  between  the  end  of  the  screw  T  and  the  point 
G,  and  on  the  strength  of  the  current  in  the  electromagnet. 

A  series  of  experiments  were  made  to  test  the  effect  of 
varying  the  position  of  the  screw  T,  keeping  the  battery  the 
same.  In  these,  four  Leclanch^  cells  were  used  in  the  battery- 
circuit  A  B,  and  two  pint  Groves  to  drive  the  commutator* 
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The  position  of  the  spot  of  light  on  the  scale  was  noted^  and 
then  the  value  of  the  resistance  d  adjnsted  nntil  no  deflection 
was  produced  when  the  galvanometer-circnit  was  closed  by 
means  of  a  key. 

The  conunntator^  when  working  correctly,  emitted  a  defi- 
nite sound  which  was  readily  recognized;  and  it  was  found 
that  the  screw  T  could  be  adjusted  within  certain  limits  without 
altering  this  sound. 

Table  I.  gives  the  results  of  these  observations. 

Tablb  I. 
Commutator  adjustments.  BA  units. 

Screw  T  set, 905 

Screw  T  readjusted,  note  good 906 

W             W              M         «    • ^^6 

„            „              „     bad    906 

„            „              »     good 906 

Screw  T  loosened  one  turn.     Spot  off  scale. 

Screw  T  readjusted,  noto  good • 906 

Thus  the  value  of  d  required  to  give  a  balance  is  prac- 
tically the  same  throughout,  and  the  commutator  with  a  defi- 
nite battery-power  can  readily  be  set  to  give  a  definite 
result ;  moreover,  a  balance  could  never  be  obtained  except 
with  the  resistance  905  or  906.  In  the  fourth  observation 
the  note  of  the  commutator  was  marked  as  bad ;  but  the  spot 
remained  stationary,  showing  that  though  there  seemed  to  be 
a  slight  irregularity  in  the  sound,  it  was  too  small  to  affect 
the  balance.  The  sensitiveness  was  such  that  an  alteration  in 
dofl  B.A.  unit  produced  a  deflection  of  from  two  to  three 
scale-divisions.  The  number  of  vibrations  of  the  fork  was 
about  32  per  second. 

Another  set  of  observations  was  then  taken  to  test  the 
effect  of  varying  the  battery-power  driving  the  commutator, 
thus  altering  the  force  with  which  the  spring  PN  is  attracted 
to  G,  three  Grove  cells  being  used  in  place  of  two.  The 
-  values  of  d  found  in  two  separate  observations  were  905*5 
and  905. 

Observations  were  made  to  test  the  effect  of  varj'ing 
the   period   of  the   driving -fork.      Forks  of  frequencies   of 
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approximately  16^  82,  64,  and  128  to  the  second  were  taken, 
and  the  pitch  of  the  lowest  of  these  determined  absolutely  by 
comparison  with  the  clock  in  the  method  described  by  Lord 
Bayleigh  ('  Nature/  xvii.  p.  12;  Phil.  Trans.  1883, Pt.I.).  This 
fork  and  the  32  fork  were  then  set  going  on  independent  cir- 
cuits, and  a  pointer  attached  to  the  32  fork  was  watched  over 
the  top  of  a  plate  of  thin  metal  which  had  been  all  along  fixed 
on  to  the  16  fork,  the  eye  being  placed  so  that  this  pointer  was 
visible  for  only  one  position  of  the  16  fork  in  each  vibration. 
In  this  way  the  beats  between  the  octave  of  the  16  fork  and 
the  32  fork  were  visible,  and  coxdd  easily  be  counted. 

Thus  the  period  of  the  32  fork  was  found,  and  then  in  a  similar 
manner  those  of  the  64  and  128  forks.  By  loading  with  wax 
one  of  the  two  forks  under  comparison,  it  was  easy  to  find 
which  of  the  two  was  gaining. 

Each  of  these  forks  was  used  in  turn  to  drive  the  commu- 
tator, and  the  value  of  the  capacity  calculated  from  the  obser- 
vations.    The  values  of  the  resistances  were  as  follows: — 

a  was  a  standard  coil  of  10  B.A.  units,  d  a  resistance  of 
1000  B.A.  units,  taken  from  a  box  by  Messrs.  Elliott,  Bros.^ 
and  c  a  variable  resistance  from  another  box  by  the  same  firm. 

ffy  the  galvanometer-resistance,  was  about  11,000  B.A. 
units  ;  and  b,  the  battery-resistance,  from  5  to  6  B.A.  units. 
The  galvanometer-resistance  was  higher  than  necessary,  but 
it  was  for  other  reasons  the  most  convenient  instrument  for 
the  purpose.  The  value  of  e  varied  from  about  1800  to  about 
240  B.A.  units. 

It  will  be  found  that,  with  these  values,  the  equation  giving 
the  capacity  may  be  written 

nC= 


4''<^} 


9' 
[The  approximate  equation  given  in  Maxwell  is 

We  shall  use  Nig  Ac.  to  denote  the  frequency  of  the  fork 
of  approximate  frequency  16. 
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The  following  are  the  results  of  the  observations : — 

(1)  Fork  16  used. 

Fork  compared  with  pendulum.     Fork  loses  1  vibration  in 
7'46  seconds. 

Nie=  15-866  sec. 

Besistanoe  observation : — 

{1895) 
1892  V 1893  mean. 
1893  j 

Sensitiveness  1  scale-division  for  alteration  of  1  B.A.  nnitine. 
From  these  we  find 

Cie= -3300  p^        .^  microfarad. 
"  B.A.  unit 

(2)  Fork  32  used. 

16  beats  occur  in  42  seconds  between  octave  of  16  and  32. 
Fork  32  gaining. 

Na,=32-ll. 


Resistance  observations : — 


r9341 


a=10;    d=1000,    c=  ^  934  V934  mean. 

(934J 

Hence  ^^^ 

C8,«*3304^5-T r:  microfarad. 

"  B.A.  unit 

(3)  Fork  64  used. 

10  beats  occur  between  64  and  octave  of  32  in  50  seconds. 
Fork  64  gaining. 

Na4= 64-42. 

Besistanoe  observations: — 

(«)  a=10;    rf=1000;    c=r466; 

Ce4»-3299  ^^  ^^"  .,  microfarad. 
••  B.A.  unit 

{/3)        a=10;    0=1000;    rf«  l^gj.gj-  461-3  mean. 

N«iaB'3299  T5-A vL  microfarad. 

•*  B.A.  unit 

(4)  Fork  128  used. 

16  beats  occur  between  the  128  fork  and  octave  of  64  fork 
in  26*25  seconds.     Fork  128  gaining. 
NiM«129-05. 
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Besistance  observations: — 

a=10;    d=1000;    <j= 282-5. 

ilenoe  ^-^^ 

Cms ='3301  w-* r:  microfarad. 

'""  B.A.  unit 

The  sensitiveness  throngbont  tbese  observations  was  such 
that  an  alteration  of  1  in  2000  in  the  resistance  produced  a 
deflection  of  about  one  scale-division  in  the  spot  oi*  light 

Hence  the  greatest  difference  in  the  observations  amounts  ' 
to  about  5  in  3300^  or  about  1  in  660 ;   and  there  is  no 
trace  visible  of  variation  in  the  capacity  with  the  time  of 
charging. 

We  will  collect  the  numbers  together: — 

Cm '3300 

C„ -3304 

C« -3299 

Cm  (second  arrangement) *3299 

CiM -3301 

nbm 

Mean  value  of  capacity  ss '33006  wxTf  microfarad. 
Taking  the  Cavendish-Laboratory  experiments^  we  have 

1  B.A.  U.=-9867  ohm. 

'33006 
.'.     C=.^^gg;^  microfarad 

:=  *3344  microfarad. 
If  we  take  the  legal  ohm  and  the  value  of  the  specific 
resistance  of  mercury  in  B.A.  unitS;  adopted  by  the  B.A* 
Committee^ 

1  B.A.  unit  =-9889  ohm, 

and  C  as  '3336  microfarad. 

This  value  supposes  that  the  various  coils  used  have  their 
nominal  resistance  in  B.A.  units.  And  this  assumption  is 
correct,  at  any  rate  to  1  in  1000.  Thus  it  seems  that  the 
method  gives  satisfactory  results,  and  may  safely  be  used  to 
determine  the  capacity  of  a  condenser. 

But  the  converse  of  the  method  may  be  even  more  useful. 
The  fundamental  equation  gives  us  C  if  we  know  n  and  the 
resistances;  it  will  equally  give  us  n  if  we  know  C  and  the 
resistances;  and  in  many  cases  this  may  be  the  readiest 
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meihod  of  finding  n,  especially  if  the  period  is  too  long  to 
give  an  audible  note.  Thas  in  the  above  experiments  I  require 
to  adjust  a  fork  to  vibrate  about  16  times  a  second,  the  lowest 
I  could  obtain  being  one  of  a  frequency  of  almost  20. 

I  made  observations  with  the  32  fork,  the  pitch  of  which 
was  marked  on  it  by  the  maker^  of  the  value  of  c  required 
to  produce  a  balance,  then  doubled  this  value  of  Cy  and  set  the 
fork  yrhich  it  was  required  to  adjust  to  drive  the  commutator. 
Leaden  weights  were  then  fized  with  screws  on  to  the  prongs 
of  the  fork,  and  their  position  was  adjusted  until  the  galvano- 
meter-balance was  not  disturbed  on  making  contact.  It  was 
clear,  then,  from  the  approximate  formula  that  the  frequency 
of  the  fork  was  very  nearly  16.  And  on  making  the  comparison 
with  the  clock,  it  was  found  to  be  15*866,  as  already  stated. 

My  thanks  are  due  to  Messrs.  Wilberforce,  Whitehead,  and 
Fitzpatrick  for  assistance  in  making  the  experiments. 


XVII.  On  the  Themyd  Relationship  betweenWater  and  certain 
Salts.    By  B.  Illingworth  and  A.  Howard*. 

The  study  of  the  relationship  towards  water  of  certain  organic 
salts  belonging  to  one  and  the  same  series  promised  to  throw 
light  upon  the  general  question  of  the  relationship  between 
salts  and  water,  inasmuch  as  the  degree  of  difference  between 
the  members  compared  may  be  made  at  will  very  consider- 
able ;  while  the  kind  of  difference  is  not  to  be  compared  with 
that  resulting  from  the  substitution  of  an  acid  or  basic  element 
in  a  given  salt. 

We  have  accordingly  submitted  to  examination  the  sul- 
phomethylate,  the  sulphoethylate,  and  the  sulphoamylate  of 
potassium  (K,CHbS04;  K,C,H4S04;  and  K,C5HuS04); 
and  we  venture  to  think  that  the  results  are  of  sufficient 
interest  for  us  to  give  the  following  brief  account  of  them. 

We  satisfied  ourselves  that  the  substances  were  nearly  pure. 
The  methyl  salt  contained,  however,  a  trace  of  chlorine,  and 
the  amyl  salt  was  not  quite  free  from  the  same  impurity. 
They  were  finely  powdered,  and  dried  over  sulphuric  add  in 

«  Bead  June  14, 1884. 
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partial  vacnam  nniil  iihey  ceased  to  lose  weight.  A  thermo- 
meter, the  error  of  which  at  0°  was  determined,  and  which 
was  gradnated  to  tenths  of  a  degree  (each  tenth  being  ^ 
millim.  long),  enabled  as  to  read  temperatures  with  consider- 
able precision. 

Sulphoetht/late  of  Potassium  (K,  Cj  H5  SO4). — Starting  with 
the  ethjl  salt,  a  preliminary  examination,  made  by  mixing  the 
salt  with  abont  twice  its  weight  of  finely  crashed  ice,  showed 
the  cryogen  valne  to  be  — 13°'9  C.  This,  according  to  analogy, 
should  be  the  melting-  and  solidifying-temperatnre  of  the 
cryohydrate.  Solutions  containing  various  percentages  of 
the  anhydrous  salt  were  made  and  submitted  to  a  salt-ice 
cryogen,  the  temperature  being  noted  at  which  solidification 
began. 

With  regard  to  the  solubility  at  the  air-temperature  : — ^A 
solution  saturated  at  21^  C.  was  allowed  to  cool  for  several 
hours  until  it  reached  W'l  C.  Of  this  solution,  7*3342 
grams  were  weighed  in  a  covered  basin  and  then  dried  in 
vacuo  over  sulphuric  acid.  The  nearly  dry  mass  was  powdered 
and  redried  until  it  ceased  to  lose  weight.  4*5732  grams, 
or  62*35  per  cent.,  were  thus  obtained. 

A  solution  saturated  at  the  air-temperature  was  fairly  buried 
in  melting  ice  for  several  hours  and  until  its  temperature  had 
remained  for  a  few  hours  at  0^  C.  Examined  as  above, 
24*0880  grams  gave  12*9375  grams  of  anhydrous  salt/ or 
53*71  per  cent. 

A  solution  of  strength  between  40  and  50  per  cent,  was 
cooled  in  an  ice-salt  cryogen  until  its  temperature  remained 
constant  at.  — 14^*2  C.  After  a  considerable  amount  had 
solidified,  11*9813  grams  of  the  solution  were  dried,  and 
yielded  5*3932  grams  dry  salt,  or  45*01  per  cent.  It  will  be 
noted  that  the  temperature  of  the  cryogen  of  this  salt  was 
found  to  be  —13^*9,  or  0^*3  higher  than  the  melting-point  of 
the  cryohydrate. 
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Table  of 

Sulphoethylate  of  Potassium  and  Water. 

Sulphoethjlate 

of  potassium, 

per  eent. 

Water, 
per  cent. 

Temperature  at  which 
Bolidification  begins. 

Body 
separated. 

10 

20 

80 

40 

45-01 

60 

63-71 

62-85 

90 

80 

70 

60 

54-99 

60 

46-29 

37-65 

-^2 

-  4-9 

-  8-2 
-121 
-14-2(cryogen-18o-9) 

-  6  (interpoUted) 
0 

+15 

Ice. 
ff 
»t 
»• 
Cryohydrate. 
Salt, 
ft 

Stilphomethylate  of  Potassium  (K,  CHj  SO4). — ^The  mode  of 
procedure  was  precisely  like  that  aboice  described. 

As  a  cryogen^  it  showed  a  temperature  of  —11^*3. 

At  the  air-temperature  (12^*3)  an  amount  of  5*2254  grams 
gave  2*8(>54  grams  residue^  or  54*8  per  cent 

16*5250  of  the  solution  saturated  at  0°  gave  2*8654^  or 
47-08  per  cent. 

The  solidifying-temperature  of  the  cryohydrate  was  found 
4»  be  -11°'8;  and  9*4940  grams  of  it  yielded  3*7824,  or 
89*84  per  cent,  anhydrous  salt. 

Table  of  Sulphomethykte  of  Potassium  and  Water. 


Snlphomethylate 

of  potasgium, 

per  cent. 

Water, 
per  cent 

Temperature  at  which 
BoUdification  begins. 

Body 
aepamted. 

10 
15 
20 
80 

39-84 

40 

4708 

54-8 

90 

85 

80 

70 

60-16 

60 

62  92 

45-2 

0 

-  2-8 

-  3^ 

-  60 

-  8-0 

-ll-8(cryogen-lP-3) 
-11-6  (interpolated) 

0-0 
+12-3 

loe. 

>i 
*t 

Oiyobydrate. 

Salt 

f» 

Sulphoamylatt  of  Potassium  (K,  C,  Hu  SO4).— This  salt  *, 
on  being  treated  in  quite  a  similar  manner,  gave  the  following 
results. 

The  temperature  of  the  cryogen  was  found  to  be  —5°  C. 

At  the  air-temperature  (17®*3),  a  solution  weighing  6*8099 
grams  gave  4*0494  grams  residue,  or  59*46  per  cent. 

*  Probably  isoamylate. 
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The  solidifying-temperature  of  the  cryohydrate  was  found 
to  be  — 5'4;  and  11'958  grams  of  it  gave  2'8737  grams  of 
anhydrous  salt,  or  24*03  per  cent.  15*667  of  the  solution, 
saturated  at  0°,  gave  5*240  of  anhydrous  salt,  or  33'44  per 
cent. 

Table  of  Sulphoamylate  of  Potassium  and  Water. 


Sulphoamylate 

of  potamiunii 

percent. 

Water, 
per  cent 

Temperature  at  which 
solidification  begina. 

Body 
Beparated. 

10 

20 

2403 

26 

3344 

69-46 

90 

80 

7597 

75 

66-56 

40-64 

.f-9 

-  4-3 

-  6-4  (cryogen  -5°) 

-  4-8  (interpolated) 
0-0 

+17-3 

Ice. 

♦» 

Orrohydrate. 

Salt 

n 

The  accompanying  figure  shows  the  relationship,  in  respect 
to  water,  of  these  three  closely  allied  salts.  The  abscissae  are 
percentages,  the  ordinates  temperatures. 


The  ethyl  and  methyl  combinations  run  an  almost  common 
Course  as  far  as  the  cryohydrate  of  the  latter.  They  cross  at 
about  24  per  cent.  The  cryohydrate  of  the  ethyl  salt  contains 
about  5  per  cent,  more  salt  and  melts  at  2^*4  lower.     The 
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ascending  or  salt  branches  of  the  curves  are  almost  absolntely 
parallel,  but  exhibiting  a  slightly  opposite  curvature. 

Perhaps  the  most  salient  fact  concerning  this  group  is  that 
the  methyl  compound  is  intermediate  in  these  of  its  physical 
properties  between  the  ethyl  and  the  amyl  members.  So 
interesting  did  this  relationship  appear,  that  we  have  deter- 
mined the  specific  gravities  of  the  tiu'ee  salts.  Turpentine 
was  used  as  the  liquid  displaced.  The  dry  salt  having  been 
weighed  in  the  specific-gravity  bottle,  a  little  turpentine  was 
added  and  the  air  exhausted.  The  bottle  was  subsequently 
filled  with  turpentine  in  the  usual  way.  The  air-temperature 
was  19^*6,  and  the  specific  gravity  of  the  turpentine  compared 
with  water  at  the  same  temperature  was  0*86838.  It  was 
found  that 

{sp.  grav.  of  sulphomethylate  of  potassium = 2'097, 
„  „  sulphoethylate  of  potassium  =1'843, 
„      „      sulphoamylate  of  poiissium    =1*144. 

Accordingly  the  densities  of  the  salts  are  in  the  inverse 

order  of  their  molecular  weights,  and  the  ethyl  compound  is 

in  this  respect  in  its  usual  place  between  the  amyl  and  methyl 

relatives. 

Physical  Laboratory,  Science  Schools, 
South  Kendngton. 


XVIII.  Preliminary  Notice  of  a  new  Sunshine-Recorder. 
By  Herbert  M'Lbod,  F.R.S.* 

Beinq  somewhat  doubtful  of  the  accuracy  of  the  published 
reports  of  the  duration  of  sunshine,  in  the  summer  of 
1880  I  tried  to  devise  some  apparatus  by  which  the  light, 
instead  of  the  heat  of  the  sun,  would  be  used  to  produce 
the  record  of  sunshine.  Several  trials  were  made ;  and  in 
some  of  them  clockwork  was  employed  to  move  strips 
of  sensitive  paper.  The  simplest  form  of  apparatus  I  have 
recently  tried  again,  using  the  ferroprussiate  paper  now 
much  employed  by  engineers  for  copying  tracings,  and  which 
is  preferable  to  silver  paper,  first,  in  consequence  of  its 
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cheapness^  and,  secondly,  becanse  of  the  ease  with  which  the 
image  is  fixed,  as  for  this  purpose  washing  in  water  is 
snfficient. 

The  apparatus  consists  of  a  camera  so  fixed  that  its  axis 
is  parallel  to  the  polar  axis  of  the  earth,  the  lens  pointing 
northwards.  Opposite  the  lens  a  silvered  sphere  is  placed. 
The  rajs  from  the  son  are  reflected  from  the  sphere  through 
the  lens  of  the  camera  on  to  the  sensitive  paper,  on  which  a 
distorted  image  of  the  sun  is  formed  ;  and  the  positions  of  the 
lens  and  sphere  are  so  arranged  that  the  image  is  a  linear  one 
and  radial.  By  the  motion  of  the  earth  the  image  is  carried 
round  in  a  circular  arc,  tracing  a  curve  on  the  sensitive 
paper.  In  the  instrument  at  present  constructed,  the  sphere 
is  a  chemical  round-bottomed  flask  silvered  inside,  and  about 
95  millim.  in  diameter ;  the  distance  from  flask  to  lens  is 
76  millim.,  and  from  lens  to  sensitive  paper  152  millim. ;  the 
lens  has  a  focal  length  of  90  millim.  and  an  effective 
aperture  of  22  millim. 

The  circle  traced  by  the  sun  in  June  is  about  120  millim. 
in  diameter.  An  impression  is  made  on  the  paper  by  exposure 
for  only  10  seconds ;  and  when  the  lens  is  covered  for  one 
minute,  a  light  line  is  produced  in  the  circular  band,  so  that 
the  paper  is  sufficiently  sensitive  in  the  present  apparatus  to 
register  short  gleams  of  sunshine,  and  also  the  passage  of 
small  clouds.  When  the  sun  is  shining  through  light  clouds, 
an  impression  is  produced  on  the  paper,  but  somewhat 
blurred,  and  of  a  much  less  intense  blue  colour  than  is 
obtained  by  bright  sunshine.  The  time-scale  is  made  by 
drawing  from  the  centre  of  the  circular  band  radial  lines, 
containing  between  them  angles  of  15^,  each  of  which 
represents  one  hour  of  time. 

It  still  remains  to  be  found  which  are  the  most  convenient 
dimensions  for  the  globe  and  lens,  so  that  the  minimum  of 
alteration  of  position  will  be  requisite  to  obtain  a  sharp 
image  during  all  times  of  the  year ;  and  also  the  best  method 
of  fixing  the  paper  so  that  it  may  be  easily  changed  and  the 
time-scale  marked  on  it. 
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XIX.  A  Magneto^lectric  Plienomenon.  By  C.  V.  Boys, 
A.R.S.M.f  Demonstrator  of  Physics  at  the  Science  Schools^ 
South  Kensington*, 

EVEBY  one  is  familiar  with  the  effect  produced  when  a 
copper  disk  is  set  to  spin  in  a  powerful  magnetic  field  :  the 
currents  induced  hy  the  motion  of  the  disk  act  in  such  a 
direction  as  to  oppose  the  motion,  which  therefore  speedily 
ceases.  Farada}'  observed  that  if,  instead  of  being  set  to  spin, 
a  disk  is  merely  suspended  between  the  poles  of  an  electro- 
magnet, it  will  in  general  be  disturbed  whenever  the  current 
in  the  coils  of  the  electromagnet  is  made  or  broken.  If  it  lie 
with  its  plane  parallel  or  at  right  angles  to  the  lines  of  force, 
no  disturbance  will  be  apparent  if  the  lines  offeree  where  they 
are  included  by  the  disk  are  parallel.  But  if  the  plane  of  the 
disk  makes  an  angle  a  with  the  parallel  lines  of  force,  then  on 
mak  ingthe  current  in  the  electromagnet  an  impulse  is  given 
tending  to  diminish  the  angle  a,  while  breaking  the  current 
gives  an  impulse  tending  to  increase  the  angle  a. 

Again,  if  the  angle  m  be  90^,  so  as  to  eliminate  this  twisting 
effect,  no  movement  will  be  visible  at  the  making  or  the  break- 
ing in  a  parallel  field  ;  but  if  the  disk  be  placed  in  a  field  with 
diverging  lines  of  force,  in  which,  of  course,  the  strength 
diminishes  as  the  lines  separate,  and  if  it  be  placed  symme- 
trically so  as  to  include  the  greatest  number  (t.  e.  with  its 
plane  at  right  angles  to  those  lines  passing  through  its  centre), 
then,  on  making  the  current,  it  will  receive  an  impulse  causing 
it  to  move  parallel  to  itself  along  the  lines  of  force  towards 
the  weaker  part  of  the  field,  and  at  the  breaking  it  will  receive 
an  impulse  more  evident  in  the  opposite  direction.  If  this 
radiating  field  is  produced  between  a  pointed  and  a  flat  pole, 
the  disk  will,  on  making  the  current,  appear  to  be  repelled 
from,  and,  on  breaking,  to  be  attracted  by,  the  pointed  pole. 
80  powerful  is  this  effect  that  a  piece  of  impure  copper,  which 
is  strongly  magnetic,  is  repelled  from  the  pointed  pole  on 
making,  and  attracted  on  breaking,  the  current,  thus  appearing 
at  first  sight  strongly  diamagnetic. 

Though  these  impulses  must  have  been  observed  by  most 
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experimentalists^  their  amount  has  not  been^  so  far  as  I  am 
aware,  determined  in  absolute  units,  nor  have  thej  been  turned 
to  account  for  making  any  measurements.  As  they  seem  to 
aflfbrd  one  of  the  most  convenient  methods  of  determining 
conductivity  and  field-intensity,  perhaps  a  short  paper  on  the 
subject,  even  though  it  be  incomplete,  may  be  of  interest  to 
this  Society. 

The  explanation  of  the  motions  described  will  be  obvious, 
but  it  may  be  well  to  give  it  at  length  for  the  sake  of  arriving 
at  quantitative  results.  In  the  first  place,  let  the  lines  of  force 
be  parallel^  so  that  the  field  is  of  unifonn  strength.  Let  a 
ring  of  (small)  section  «,  of  specific  resisumce  p^  and  of  radius  r, 
be  placed  in  the  field,  with  its  plane  making  an  angle  «  with 
the  lines  of  force.  Let  the  strength  of  the  field  be  H  units. 
Then  during  a  small  increment  of  field-intensity  dH,  in  the 
time  dty  a  current  will  be  induced  in  the  ring  of  the  strength 

rs  sin  «  <ZH 

This  current  in  the  field  H  will  produce  a  twisting  tendency 
to  increase  a  with  a  diminishing,  or  to  diminish  «  with  an 
increasing  field,  represented  by  the  couple 

•7rr'5Hsin2flt  dK 

From  this  it  is  clear  that  the  couple  varies  inversely  as  the 
time  dt  occupied  in  making  any  small  change  of  field-intensity 
dH,  but  it  lasts  for  the  time  dt;  therefore  the  momentum 
acquired  by  the  suspended  disk,  if  free  to  move,  will  be  inde- 
pendent of  the  rate  at  which  any  small  change  in  the  magnetic 
field  may  be  made,  but  will  depend  only  on  its  amount,  pro- 
vided that  the  time  is  not  sufiicient  for  the  angle  a  to  have 
perceptibly  altered  during  the  change.  Since  this  is  true  of 
any  element,  it  is  true  of  all;  so  the  momentum  acquired  by 
the  ring  is  a  direct  measure  of  any  total  change  in  the  strength 
of  the  field  in  which  it  lies,  no  matter  by  what  law  it  changes 
in  strength.  If  at  the  end  of  any  rapid  change  the  field 
remains  of  any  strength,  the  motion  of  the  ring  will  be  rapidly 
stoppeij  by  the  well-known  damping  action,  of  which  I  shall 
have  more  to  say  later.     If,  however,  the  field  sinks  to  zero, 
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or  nearly  so^  the  momentum  acquired  can  be  measured  and  the 
original  intensity  determined. 

The  current  induced  in  the  ring  will  of  course  react  on  the 
field  and  bend  the  lines  of  force  in  such  a  manner  as  to  hinder 
their  passing  through  its  edge,  that  is  to  delay  the  change  of 
included  field-intensity ;  but  the  impulse  is  independent  of 
the  time  or  the  manner  in  which  the  field  changes^  so  it  can- 
not be  effected  to  any  extent  by  this  cause. 

Since  the  impulse  given  to  the  disk  during  any  element  of 
time  is 

^irrhE  sin  2tt  dU 
4p  dt' 

the  total  impulse  while  H  changes  between  0  and  H  will  be 

7rr'«H^sin2« 

If  the  moment  of  inertia  of  the  disk  be  M,  and  the  torsional 
value  of  the  supporting  wire  be  T,  the  angular  velocity  ci> 
generated  will  be 

7rr^«H^  sin  2a 

*• pi — ' 

and  the  throw  of  the  ring  0  will  be 

8pv'MT 

The  action  on  a  disk  may  be  considered  as  the  sum  of  the 
actions  on  the  several  elementary  rings  of  which  it  is  com- 
posed, for  there  cannot  be  any  tendency  for  any  part  of  the 
currents  to  cross  over  the  elementary  circles.  The  impulse 
therefore  on  a  disk  of  radius  r  and  thickness  8  will  be 

wr^sTP  sin  2« 


32p 

and  the  impulse  on  a  disk  of  radius  r^  with  a  concentric  hole 
of  radius  ri  will  be 


32  p 
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Since  the  moment  of  inertia  of  a  disk  is  also  proportional  to 
the  fourth  power  and  to  the  thickness,  so  long  as  the  thickness 
18  small,  it  will  appear  that  the  velocity  imparted  to  a  disk  of 
anjr  size  or  thickness,  or  to  a  Tinff,  daring  a  change  in  a  mag- 
netic field  will  be  the  same.  To  what  extent  a  correction 
should  be  applied  to  these  results  for  self-induction  between 
different  parts  of  the  disk  I  am  not  prepared  to  say ;  their 
calculation  would  give  trouble. 

For  comparing  one  field  with  another,  disks  or  rings  of 
metal  may  be  used  ;  but  for  absolute  measurements,  as  it 
would  be  impossible  to  measure  the  exact  conductivity  of  a 
disk,  a  coil  is  preferable.  By  employing  disks  of  different 
metals  their  conductivities  can  be  compared  without  the 
trouble  of  drawing  into  wire  or  cutting  into  long  strips. 

It  will  be  found  that  a  coil  of  area  A  and  resistance  U  will, 
under  a  torsion  T,  experience  a  throw 

^^_A4P8in2a 
4Rv/MT'" 

If,  instead  of  a  disk,  a  sphere  be  used,  no  twisting  should  be 
experienced  if  the  conductivity  in  different  directions  is  the 
same.  If,  however,  there  is  a  plane  of  greatest  or  least  con- 
ductivity, it  should  be  possible  to  discover  it.  Crystallization 
or  mechanical  treatment  might  give  rise  to  such  planes  in 
metals;  no  definite  results  could  be  ex[)ected  in  a,ny  thing  else. 

I  have  referred  to  the  apparent  repulsion  and  attraction  of 
a  disk  of  metal  by  a  pointed  pole  at  the  making  and  breaking 
of  the  magnetizing  current.  As  the  lines  from  such  a  pole 
i-adiate  outwards,  they  are  not  normal  to  the  metal  except  in 
tlie  middle.  On  their  passage  inwards  or  outwards  they  give 
rise  to  circular  currents  tending  to  move  each  part  of  the  disk 
normally  to  the  lines  of  force.  There  is  therefore  a  longitu- 
dinal component  away  from  the  point  of  radiation  during  an 
increase  in  the  field,  and  towards  it  during  a  diminution  of  the 
field.  A  closed  coil  of  wire  is  subject  to  the  same  forces.  If  a 
coil  be  made  of  uncovered  copper  wire  in  the  form  of  a  double 
helix  with  the  ends  joined  together,  and  if  the  convolutions 
are  separate  so  as  nowhere  to  touch  one  another,  the  growth 
of  the  magnetic  field  can  be  watched  by  placing  the  coil  nearly 
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over  one  pole.  On  making  the  current  the  field  begins  to 
grow,  at  first  quickly  and  afterwards  more  slowly.  TJie  coil 
will  receive  a  push  and  will  extend  itself.  As  the  push 
diminishes  in  amount^  owing  to  the  diminishing  rate  of  growth 
of  the  magnetic  field,  the  coil  will  gradually  regain  its  former 
shape.  It  might  be  thought  that  the  slow  recoil  is  simply  due 
to  the  damping  action  of  the  field  ;  but  this  is  not  sufficient 
to  account  for  it,  as  when  the  field  is  fully  grown  the  coil  will, 
on  being  forcibly  drawn  out,  recover  its  shape  much  more 
quickly.  On  breaking  the  magnetizing  current,  the  impulse 
in  the  opposite  direction,  being  the  same  as  before  but  lasting 
for  so  much  shorter  a  time,  is  far  more  evident. 

My  first  experiments  were  made  w^ith  a  view  to  determine 
whether  the  impulse  was  proportional  to  sin  2a  when  other 
things  remained  the  same.  I  therefore  cemented  a  disk  of 
metal  (a  half-crown)  to  an  ebonite  rod  carrying  a  glass  index 
and  hung  by  a  torsion-wire  of  platinum.  The  glass  index 
travelled  over  a  card  divided  into  degrees ;  and  the  wire  to 
which  the  upper  end  of  the  torsion-wire  was  soldered  also 
carried  a  pointer,  the  position  of  which  could,  if  desired,  be 
read  on  a  divided  card.  The  disk  was  suspended  between  two 
parallel  polar  fiices  of  iron.  The  upper  index  was  turned  until, 
on  making  and  breaking  the  current,  the  lower  index  showed 
no  sign  of  motion.  It  could  thus  be  placed  within  a  small 
fraction  of  a  degree,  so  that  a  was  either  90°  or  0°.  The  lower 
card  was  then  adjusted,  and  the  upper  index  turned  so  that 
the  lower  rested  successively  at  5°,  10°,  15°,  Ac.  up  to  90°. 
The  negative  impulse  on  making,  and  the  positive  impulse 
on  breaking,  the  current  were  observed  by  the  throw  of 
the  lower  index.  These  are  given  in  the  second  and  third 
columns  of  the  following  Table.  In  the  fourth  column  is 
a  series  of  numbers  in  the  proportion  of  sin  2«,  the  largest 
number  being  made  to  agree  with  the  obsen^ed  positive  throw. 
The  close  agreement  of  the  other  numbers  shows  clearly 
that,  on  breaking  the  circuit,  the  impulse  is  truly  proportional 
to  sin  2a.  Examination  shows  that  the  negative  impulses, 
though  in  reality  equal  to  the  others,  are  apparently  much  less 
in  amount,  that  they  are  not  even  in  pioportion,  and  not  only 
this,  but  that  the  corresponding  values  on  either  side  of  45°  are 
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2:i3 


Position  of 

Negatire 

Potttire 

Calculated 
poaitire 
throw. 

rest. 

throw. 

throw. 

5 

1 

45 

4-6 

10 

2 

9 

91 

15 

3 

13 

13-2 

20 

4-5 

17 

171 

25 

5 

20 

20-3 

30 

6 

225 

23 

35 

7 

24-5 

25 

40 

7-8 

262 

26-2 

45 

8-8 

26-5 

265 

50 

8-5 

26-2 

26*2 

55 

8-2 

24-5 

25 

60 

7-8 

22 

23 

05 

7-5 

20 

20-3 

70 

6-5 

16 

171 

75 

55 

12-5 

13-2 

80 

35 

9 

91 

85 

2 

4 

4^ 

not  the  same.  This  want  of  symmetry  is  clearly  shown  by 
fig.  1.  The  discrepancy  is  doe  to  the  fact  that  the  disk  is 
brought  to  rest  by  the  damping  action  of  the  field  as  well  as 
by  the  torsion  of  the  wire^  and  that  the  damping  action  is 
greater  as  the  angle  is  less^  being  : :  cos'  a. 

Fig.l. 


I  thought  it  woald  be  interesting  to  determine  to  what 
angle  the  disk  would  be  thrown  if  the  torsion  of  the  wire  did 
not  act.  I  therefore  suspended,  instead  of  the  disk,  the  coil 
used  in  the  absolute  experiments  by  a  silk  thread,  adjuisted  the 
lower  card  by  the  method  of  no  throw,  and-Jbrougbt  the  index 
to  rest  successively  over  10°,  20'',  30°,  &c.  up  to  90^  The 
index  came  to  rest  at  the  series  of  positions  shown  in  column  2 
of  the  following  Table: — 
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Table  II. 


Pointer  feU 

From 

To 

10 

3-6 

20 

A 

30 

10 

40 

13 

45 

16 

50 

18 

60 

22 

70 

29 

80 

S» 

The  same  results  are  shown  graphically  in  fig.  2.  It  is 
interesting  to  note  that  the  curve  shown  is  a  natural  curve 
depending  on  circular  functions  only.  It  is  independent  of 
the  nature  of  material;  such  as  conductivity^  moment  of  inertia  y 
or  of  the  strength  to  which  the  field  is  made  to  grow  from 

Fig.2. 
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zero.  It  is  subject  to  a  small  error^  for  I  did  not  destroy  the 
residual  magnetism.  That  the  effect  of  this  is  appreciable  is 
evident,  for  in  one  series  of  experiments  with  a  disk  the  throw 
on  making  was  always  from  45°  to  33° ;  but  the  first  time 
that  the  direction  of  tho  magnetizing  current  was  changed 
the  throw  was  from  45°  to  35°,  after  which  it  was  from  45°  to 
33°,  as  before.  This  diminution  at  the  first  reversal  was  always 
the  same.  I  found  almost  the  same  fall  with  the  half-crown 
as  with  the  coil,  and  with  one  cell  as  with  ten  cells.  There 
were  slight  differences,  but  not  more  than  draughts  from 
which  I  did  not  shield  the  needle  would  have  accounted  for. 
The  lower  angle  can  be  read  with  precision,  but  tho  higher 
angles  become  difficult  to  observe  as  the  damping  influence 
diminishes.  The  position  a  =  90°  is  one  of  instability  ;  for  how- 
ever slight  a  velocity  is  given  to  the  disk,  it  will  not  be  brought 
to  rest  for  a  considerable  time,  owing  to  the  very  minute  nature 
of  the  squares  of  the  cosines  of  angles  nearly  equal  to  90°. 

The  last  series  of  experiments  was  made  with  a  view  to 
determine  whether  the  strength  of  field  determined  by  obser- 
vation of  the  throw  of  the  disk  at  breaking  agreed  with  the 
strength  determined  by  some  recognized  method.  I  therefore 
made  a  small  coil  of  twelve  turns  of  copper  wire  of  1*45 
centim.  radius  and  with  a  resistance  of  0*085  ohm.  The 
area  of  the  coil  was  79*4  square  centim.  The  moment  of 
inertia  of  coil  and  index  was  found  by  comparison  with  a 
cylinder  to  be  58*1  units,  and  the  torsional  value  of  the  sup- 
porting wire  to  be  17,000  units.  The  plane  of  the  coil  was 
adjusted  by  the  usual  method  to  zero,  and  then  set  to  45°. 
The  currents  from  10,  9,  8,  &c.  to  1  Grove  cells  were  sent  in 
succession  through  the  coils  of  the  electromagnet  and  through 
a  Siemens  electrodynamometer.  The  following  Table  shows 
the  amounts  of  the  positive  and  negative  impulses,  the  strengths 
of  the  magnetizing  currents  in  amperes,  and  the  field-inten- 
sities calculated  from  the  positive  throws  by  the  formula 

ff= 9311000  X  Throw  measured  in  degrees. 
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Tablb  III. 


Number  of 
oellfl. 

Magnetizing 
current,  in 
amperes. 

Negative 
tlm>w. 

Positive 
throw. 

Oalculated 
field,  in  ab- 
solute  units. 

10 
9 
8 
7 
6 
5 
4 
3 
2 
1 

11-85 
11-2 
10-44 
9-47 
8-63 
7-60 
6-53 
6-18 
3-67 
1-83 

10-5 
9 

8-2 
7 
6 

4-8 
33 
2-2 
1 
0-2 

27-5 

26 

245 

22-5 

21-3 

19-2 

16-5 

13 

8 

2-8 

16,000 

15,600 

15,100 

14,500 

14,100 

13,400 

12,400 

'   11,000 

8,630 

5,070 

The  ends  of  the  coil  which  were  soldered  together  were  then 
unsoldered  without  disturbing  the  soldered  connexion  between 
the  torsion-wire  and  one  end.  The  other  end  was  bent  so  as 
to  dip  into  a  small  mercury-cup  in  the  axial  line^  so  that  a 
known  current^  measured  by  a  second  electrodynamometerf 
could  be  sent  through  the  coil.  During  this  change  no  part 
of  the  apparatus  was  moved  at  all ;  it  was^  however^  necessary 
to  redetermine  the  zero  position^  which  was  now  rather  more 
difficult,  for  the  resistance  of  the  torsion-wire  was  so  great  in 
comparison  with  that  of  the  coil  alone,  that  the  throw  at  any 
angle  was  only  about  one  tenth  of  what  it  was  before.  As 
before,  the  current  from  10  to  1  cells  was  sent  suecessiyely 
through  the  coils  of  the  electromagnet  and  an  electrodynamo- 
mretr.  The  current  from  a  Daniell  cell  was  sent  through  the 
suspended  coil  and  measured.  In  the  fourth  column  of  the 
following  Table  will  be  found  the  deflection  of  the  coil  due  to 
currents  tabulated  in  columns  2  and  3.  In  tlie  fifth  column 
is  the  deflection  due  to  the  residual  magnetism;  and  in  the 
sixth  column  the  strength  of  field  in  absolute  units,  calculated 
from  the  formula 


H= 


3'73  X  deflection  in  degrees 

deflecting  current  in  absolute  units  x  cosS' 
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Number  of 
oellA. 

Magnetising 
current,  in 
amperes. 

Deflecting 
current^  in 
amperes. 

Deflection 
=3. 

Deflection 
due  to 
residual 

magnetism. 

Calculated 

field,  in 

absolute 

units. 

10 

11-92 

•614 

66 

-    4 

11,200 

9 

1105 

•630* 

64 

10,260 

8 

1062 

•502 

63 

10,320 

7 

9-48 

•496 

62-6 

10,150 

6 

8-63 

•480 

61-6 

10,050 

5 

7-60 

•480 

60-3 

9,470 

4 

6-45 

•480 

69 

8,930 

3 

514 

•480 

67 

8,120 

2 

3-67 

•480 

61-6 

6,470 

1 

1-98 

•480 

40-6 

4-6 

4,140 

*  Obviouslj  oyer-estimated,  hence  small  results. 

The  residual  magnetism  was  always  the  same  till  one  cell 
only  had  been  employed  to  excite  the  electromagnet,  when  the 
deflection  was  clearly  greater.  This  I  repeated  several  times 
with  one  and  with  more  than  one  cell:  a  deflection  of  4^° 
was  always  obtained  from  one  cell,  and  of  4°  from  more  than 
one  cell.  To  obtain  a  still  higher  residual  magnetic  effect,  I 
drew  the  terminal  along  a  fine  wire  and  gradually  diminished 
the  field  ;  by  this  means  I  obtained  a  residual  field  giving  a 
deflection  of  5°'4.  The  magnetic  fields  corresponding  to 
the  deflections  4,  4^,  and  5*4  are  312,  352,  and  422  absolute 
units. 

Fig.  3  shows   the   field-intensity   measured   by   the   two 
Fijr.  3. 


5,000 


1 2  amperes. 
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methods.  They  do  not  agree^  nor  are  they  quite  proportional, 
nevertheless  they  are  of  the  same  order  of  magnitude.  The 
discrepancy  is  greater  than  would  be  expected  from  errors  of 
an  experimental  kind,  even  though  the  apparatus  was  hastily 
improvised.  Nevertheless  the  agreement,  such  as  it  is,  shows 
that  it  will  be  worth  while  to  carry  oat  a  series  of  experiments 
with  the  accuracy  and  care  that  are  needed  in  physical  inves- 
tigations. This  I  intend  to  do  as  soon  as  I  am  able.  It  will 
then  perhaps  be  possible  to  tell  whether  this  method  of 
determining  conductivity  or  field-intensity  is  to  be  relied 
upon :  it  certainly  in  convenience  and  simplicity  compares 
very  favourably  with  any  of  the  usual  methods. 


XX.  Experimenta  on  the  Velocity  of  Sound  in  Air, 
By  D.  J.  Blaiklby*. 

[Plate  Xn.] 

I  HAVE  to  bring  before  you  this  afternoon  the  results  of 
a  few  experiments  carried  out  in  continuation  of  the  series 
brought  to  your  notice  last  November.  Before  considering 
the  velocities  obtained,  however,  it  may  be  well  to  show  by 
experiment  the  reason  for  the  doubt  in  my  mind  as  to  the 
absolute  reliability  to  be  placed  upon  records  obtained  from 
membranes  as  used  by  Regnault  and  Le  Roux  ;  and  also 
to  explain  a  little  more  fully  ray  reason  for  discarding  the  use 
of  organ-pipes,  speaking  under  a  considerable  pressure  and 
with  good  musical  tone,  as  used  by  Dulong. 

If  we  take  a  short  tube,  say  5  inches  long,  witJa  a  short 
inner  sliding-piece  for  adjustment  of  length,  and  close  one  end 
with  a  diaphragm  of  gold-beater's  skin,  against  which  a  bead 
hung  by  silk  falls,  we  have  a  very  sensitive  resonator  for  the 
pitch  of  about  512  v.  If  this  tube  were  closed  by  a  rigid 
material  instead  of  by  the  skin,  its  length  to  give  the  maxi- 
mum resonance  to  the  512  v.  fork  would  be  about  6^  inches; 
but  on  drawing  the  slide  to  make  the  tube  of  this  length  there 

*  Bead  June  14,  1884,  in  continuation  of  paper  read  November  10, 
1888  (Proc  Physical  Society,  vol.  v.  p.  319). 
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is  no  agitation  of  the  bead :  the  maximain  agitation  of  the 
bead,  at  the  present  tension  of  the  membrane,  is  found  to  be 
when  the  tube  is  about  5  inches  long.  This  is  its  most  sen- 
sitive position  ;  but  when  the  fork  is  vibrating  strongly  the 
membrane  will  record  its  action,  although  the  length  of  the 
tube,  from  mouth  to  membrane,  is  somewhat  greater,  or  less, 
than  is  necessary  for  best  effect.  Applying  this  to  the  case 
of  a  membrane  stretched  across  a  tube  along  which  a  single 
wave  is  travelling,  as  in  Begnault^s  experiments,  it  would 
appear  that  the  last  possible  record  of  the  enfeebled  wave 
would  be  obtained  from  its  point  of  maximum  condensation  ; 
but  a  record  of  the  wave  in  the  early  part  of  its  course,  when 
it  is  strong,  would  be  obtained  from  a  point  in  the  wave  far 
short  of  its  maximum  condensation  ;  so  that  the  length  mea- 
sured by  means  of  the  membranes,  as  travelled  by  the  wave, 
does  not  necessarily  give  the  length  passed  over  by  a  given 
point  in  the  wave  in  the  measured  time.  The  error,  small  as 
it  would  be  when  distributed  over  a  great  length,  would  become 
more  appreciable  as  the  tube-length  became  shorter,  and  it 
would  in  every  case  lead  to  an  underestimation  of  the  velocity.  * 

In  Dulong's  experiments  care  was  taken  to  obtain  pipes  of 
good  tone  ;  but  my  experiments  have  convinced  me  that  such 
a  tone  is  the  worst  possible  for  measurement  of  wave-lengths. 
A  good  musical  tone  is  not  pure  in  the  acoustical  sense,  and 
the  presence  of  the  partials  constrains  the  pitch  of  the  prime  to 
some  extent.  If  the  form  of  pipe  were  such  that  its  prefer 
tones  agreed  exactly  with  the  harmonic  series,  there  would 
not  be  this  difficulty  of  constrained  pitch ;  but  as  it  would 
have  been  exceedingly  difficult  to  construct  pipes  of  this 
character,  I  determined  to  introduce  a  bulb  or  pear-shaped 
portion  between  the  speaking-mouth  and  the  cj'lindrical  tube 
in  which  the  sliding-plug  worked  (see  Plate  XII.  fig.  1).  By 
this  means  tubes  were  obtained  having  proper  tones  quite  out 
of  the  harmonic  order,  and  therefore  capable  of  giving  very 
pure  prime  tones. 

In  November  last  it  was  stated  that  the  results  obtained  from 
the  11*43  millim.  tube  were  not  very  reliable.  The  experi- 
ments with  this  tube  have  been  repeated,  and  a  new  tube  of 
88*19  millim.  diameter  has  been  introduced,  completing  a 


Digitized  by 


Google 


230 


MR.  D.  J.  BLAIKLRY  ON  THB 


series  of  five  tubes^  ranging  in  the  proportion  of  3  to  5,  from 
11*43  to  88*19  millim.  diameter*.  The  results  of  the  new 
experiments  are  given  in  the  following  table  : — 

Table  IV. 
Velocity  of  Sound  in  dry  Air,  at  OP  C,  in  tubes. 


Diameter  of  1 
tube / 

1143  millim. 

88-19  millim. 

324-633 
324-234 

830-29 
33046 
330-02 
329-72 
.329-99 
330-41 
330-09 
330-06 
33010 
330-20 

Means 

324-383 

330-134 

In  Table  V.  the  results  of  all  the  experiments  are  brought 
together : — 

Table  V. 


Badiiu,  in  metres 

r 
•005715 

•009524 

•016874 

•026467 

•044095 

Velocity  at  0<>0.,  in  "1 
metres    J 

324-383 

326902 

328-784 

329723 

^4 

330134 

Mean  pitch  daring  1 
obseryations  J 

322-96 

260-36 

26018 

»3 

172-48 

13115 

VJVi-... 

•05663 

•06197 

•06*200 

•07615 

•08732 

From  these  data  we  may  obtain  a  value  for  V  =  velocity  in 
free  air,  where  r=oo ,  using  a  modification  of  the  formula 


,.y(.-^). 


(1) 


«  Through  a  clerical  enror  the  diameters  of  the  tubes  were  previoualy 
given  as  11-7, 19^6,  32-6,  and  54-1  miUim.,  instead  of  1143,  19-05,  31-71, 
and  62-91. 
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The  formala  rs=V(l j  gives  only  a  fictitious  value  for  v 

when  r  is  very  small ;  whereas  v  should  =0  when  r=0,  and 
should  =  V  when  r=oo  • 

Put  F  for  the  ratio  ^,  and  /  for  (1-P)==-1Z:^.     Then, 
when  t?=0,  ^ 

F=0and/=^=1; 


and  when  t?=V, 
When  F=0, 

when  F=l, 


F=l  and/=0. 


Therefore  in  (1),  where 


make 


or 


=  .(1-|).(1-F), 

«  1  V 

-  =  log  J,  =  log-  =  log  V-  logr, 

r(logI)=ri(log^) (2) 


V  2np 
(Lord  Bayleigh,  'Theory  of  Sound,'  §  347), 


soiiliat 


=\/$-v/«' 


As  a  slight  deviation  from  accuracy  in  the  relative  values  of 
a/-  would  aflfoct  the  calculated  values  of  V  only  to  an 
exceedingly  small  extent,  we  may  put 

\/-n-'''    \/k=''    Vh''    \/i='''' 

and  a/-  =1-4 
V  ru 
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in  place  of  the  values  given  in  Table  V. ;  and  introducing 
these  values  into  formulae  (1)  and  (2),  we  get 


or 


1*4  V     1*2  V 

■^^^''S-;  |;r^  =  iog-,&c.,&c., 


]ogY^101og«i-71ogt>, 


(3) 


From  which 


V= 331-089. 


In  the  same  way  values  for  V  can  be  found  from  any  two 
values  of  v — as  v  and  Vi,  v  and  v^,  Ac,  as  follows  : — 


I 

s 


Table  VI. 
^t?4  and  vz  =  331-089 
t?3  „    v,  =  332-150 


Mean  . 


«,  =  331-620 
t?  =  331-999 
r,  =  331-508 
t?i  =  331-881 
t;  =  331-746 
vi  =  331-540 

V  =331-620 

V  =  331-603 


=  331-676 


As  vi  and  v^  have  practically  the  same  values  for  n^  Y  as 
obtained  from  this  pair  of  velocities  is  uninfluenced  by  tho 

factor  \/  -  ;  and  if  the  influence  of  n  is  properly  represented 

by  \/-,  the  mean  of  all  the  values  of  V  should  agree  with  V 

as  obtained  from  t?i  and  r,.  The  mean  is  331-676  metres;  and 
the  latter  value  is  331-620;  with  which  the  mean  is  in  very 
close  agreement.  The  pairs  of  adjacent  values  V4  and  V|  &c. 
are  ratlier  ill-conditioned  for  the  determination  of  Y:  the  best 
value  of  Y  should  be  from  the  extreme  values  of  v — that  is,  the 
pair  ^4  and  v.  This  value  is  331-608 — very  little  diflferent  from 
the  value  331*620  obtained  from  v^  and  Viy  where  there  is  no 

variation  in  the  value  of  4/-.     From  these  results  it  would 

appear  that  the  influence  of  the  vibrational  rate  of  stationary 
waves  in  tubes  upon  the  velocity  is  properly  represented  by 
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a/-  ;  bnt  as  Lord  Bajleigh|  in  the  paragraph  quoted,  refers 

to  Schneebeli's  and  A.  Seebeck's  investigations,  based  upon 
Kundt's  experiments,  we  may  calcnlate  a  value  for  Y  upon 
their  determinations.  According  to  these  observers,  when  n 
varies,  the  diminution  of  velocity  is  proportional  rather  to 

a/-|  than  to  \/-«    Taking  the  pair  of  velocities  v  and  v^, 

and  substituting  a/  -^  for  a/-,  we  get  V=334'439 — ^mani- 
festly too  high,  and  very  different  from  331*620,  the  value 
obtained  frqm  the  pair  Vi  and  Vf 

In  the  diagram  (Plate  XII.)  and  in  Table  YIIL  I  have 

therefore  used  \  /-  :  but  this,  or  any  modification  of  it  such 

•/I  V  n*  '  ^ 

as  aY  -^^  can  only  be  applicable,  and  then  but  approximately, 

within  certain  limits. 


Table  VII. 


Tablb  VIIL 


1 

CabulatedTelo- 
dty,  in  metree, 
at  the  pitch  of 
260TibntioiiB. 

Oompariflon  between  values  of  v,  v^  v,,  v,,  v^  as  obeeired 
and  as  calculated,  at  the  pitch  of  obeerrations,  Y  being 
taken  as  881-676  metres. 

Badios. 

Velocity,  in  metree. 

Differences. 

fi,or 
pitch. 

Obeerred. 

Oaloolated. 

- 

+ 

823-728 
826-884 
328-792 
829-943 
830-636 

r 
''a 

•005716 
•009624 
015874 
■026467 
-044095 

t^4 

824-388 
826-902 
828-784 
829-728 
830-184 

824-514 
826-884 
328-792 
829-546 
880*209 

•ois 

•178 

•131 
■008 
•OTS 

822*96 
280-86 
260-18 
172-48 
181-16 

In  the  diagram  (Plate  XII.)  the  curve  given  by  the  figures 
in  Table  YII.  is  laid  down,  and  also  the  observed  and  calcu- 
lated values  given  in  Table  VIII.  To  these  are  added  curves 
for  130,  520,  and  1040  vibrations. 

In  addition  to  the  experiments  of  which  the  details  are  . 
given,  many  trials  were  made  in  the  course  of  adjusting  the 
apparatus.  Some  of  these  trials  were  at  pitches  other  than 
those  finally  adopted  ;  and  although  such  results  wei-e  of  no 
value  for  exact  comparison,  the  general  bearing  of  them  was 
quite  in  agreement  with  the  results  tabulated.     One  of  these 
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preliminary  trials  was  a  set  of  five  observations  with  the  tube 
of  52*91  millim.  diameter  (rj)  at  the  pitch  of  260.  The  mean 
result  was  a  veloctty  of  830*27,  in  place  of  329*94  as  on 
Table  YII.  This  trial  was  made  with  the  tube  before  the 
introduction  of  the  bnlb-mouth ;  and  the  third  partial  tone 
was  perceptible  to  the  ear,  so  that  the  prime  may  have  been 
influenced  a  little  thereby. 

The  notes  were  all  purposely  kept  very  weak,  so  that  the 
excess  of  pressure  in  the  tubes  when  sounding,  above  the 
barometric  pressure,  must  have  been  very  small  indeed.  In 
one  of  the  large  tubes  {r^)  a  water-pressure  gauge  was  intro- 
duced ;  but  the  pressure  was  barely  measurable,  certainly  not 
exceeding  ^  inch  of  water.  In  the  calculations  I  have  liiere- 
fore  assumed  that  the  influence  of  intensity  might  be  neglected. 

The  chief  conclusions  to  which  these  experiments  appear  to 
lead  are  the  following: — 

1st.  The  tubes  used  for  the  measurement  of  wave-length, 
as  determined  by  the  length  between  nodes,  must  speak  with 
a  pure  tone ;  or 

2nd.  If  partials  are  present,  the  tubes  must  be  of  such 
form  as  to  have  their  proper  tones  in  exact  agreement  with 
the  harmonic  series.  (Neither  of  these  conditions  is  easily 
attainable  with  ordinary  organ-pipes.) 

3rd.  The  air-blast  must  not  constrain  the  pipe  to  speak  any 
other  pitch  than  its  natural  pitch  of  resonance. 

4th.  In  smooth  tubes  the  diminution  of  velocity  is  propor- 
tional to  r"'  and  to  n-*,  as  determined  by  Helmholtz. 

5th.  The  velocity  V  in  free  air  for  sound-waves  of  low 
intensity,  or  just  audible,  is  331*676  metres  at  0^  C. 

6th.  The  ratio  between  the  two  specific  heats  of  air,  as 
deduced  from  the  Newtonian  velocity  279*955  metres,  and  V 
as  above  331-676  metres,  is  1*4036. 


As  there  is  perhaps  room  for  some  doubt  about  the  influence 
'of  n  being  properly  reprasented  by  n"*,  I  have  not  attempted 
to  employ  Kirchhofi^^s  equation  in  place  of  Helmholtz's  ;  but 
in  abler  hands  than  mine,  the  experimental  results  may  per- 
haps be  of  some  assistance  in  detei'mining  one  or  more  of  the 
points  involved  in  these  formulsB. 
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XXL  On  the  AUerations  in  the  Eleetrical  Reeistances  of 
Metallic  Wiresy  produced  by  Coiling  and  Uncoiling.  By 
Jambs  Hopps,  Superintendent  of  Workshops,  Royal  Indian 
Engineering  CoUegCy  Cooper^e  HtU*. 

[Plat6  xm.] 

During  the  past  winter^  while  assisting  a  pnpil  to  make 
some  resistance-coils,  I  was  struck  with  the  great  differ- 
ence that  often  existed  between  the  resistance  of  the  wire 
before  it  was  coiled  on  to  its  bobbin  and  after  ;  the  difference 
was  not  always  constant  or  proportional  to  the  length  of  the 
wires  used,  and  appeared  to  be  largely  influenced  by  the 
tension"  with  which  tiie  wires  were  coiled  on  to  the  bobbins. 

Some  of  the  coils  altered  so  much  aft;er  winding  as  to  lead 
to  the  supposition  of  their  being  short-circuited;  and  on  un- 
coiling sereral  of  these  and  recoiling  at  a  lower  tension,  the 
resistance  would  alter  considerably. 

The  diameter  of  the  bobbin  used  also  appeared  to  have  great 
influence  in  producing  changes  in  the  resistance. 

A  great  portion  of  the  alterations  appeared  to  be  temporary* 

As  has  been  observed  above,  the  differences  were  not  always 
constant ;  neither  were  they  regular  in  their  signs,  t.  e,  they 
would  sometimes  show  an  increase  and  sometimes  a  decrease 
of  resistance,  but  generally  the  change  would  be  one  of  increase. 

Having  resolved  to  make  some  efforts  to  clear  up  this  matter, 
I  first  sought  to  find  what  had  been  done  by  others  in  this 
direction.  A  very  careful  search  through  books  and  also  of 
the  Transactions  of  the  Royal  Society  afforded  no  evidence 
that  this  field  had  been  even  entered  upon,  t.  e.  any  attempt 
by  experiment  or  otherwise  to  determine  and  account  for  the 
effects  of  coiling  and  uncoiling  on  the  electrical  resistance  of 
metallic  wires. 

After  experimenting  some  weeks,  I  purposely  attended  the 
meeting  of  this  Society  on  February  28rd  to  hear  a  paper, 
"  On  the  Adjustment  of  Resistance-Coils,"  by  Prof.  Silvanus 
P.  Thompson ;  and  although  some  of  the  difficulties  in  the  way 
of  adjusting  resistance-coils  were  spoken  of,  yet  the  difficulty 

*  Head  June  28th,  1884. 
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that  had  given  us  so  much  trouble  was  not  once  alluded  to^ 
either  in  the  paper  or  in  the  discussion  which  followed.  At 
the  close  of  the  proceedings,  in  the  course  of  a  short  conyer- 
sation  with  Prof.  Thompson,  and  in  reply  to  a  question  from 
myself,  he  stated  that  he  had  observed  that  the  resistance  of  a 
wire  was  altered  by  being  coiled.  Mr.  Latimer  Clark  also 
observed  that  he  had  noticed  the  change,  but  added  that  the 
changes  were  not  always  constant,  giving  sometimes  an 
increase  and  sometimes  a  decrease  in  the  resistance.  Now 
experiments  had  given  me  the  same  results,  and  had  the 
subject  cropped  up  during  the  discussion,  I  had  prepared  a 
few  notes  to  give  to  the  meeting. 

The  fact  of  having  obtained  sometimes  +  and  sometimes 
—  readings  had  puzzled  me  much,  but  after  the  conversation 
above  alluded  to  I  resolved  to  continue  my  experiments;  and 
although  these  are  yet  far  from  complete,  I  have  felt  it  my 
duty  to  lay  the  results  already  obtained  before  the  Socieiy . 

Before  going  into  a  description  of  the  apparatus  and  method 
employed  (part  of  the  apparatus  is  before  you),  I  would  crave 
a  few  moments  to  allude  to  some  of  my  earlier  experiments. 
These  were  conducted  in  a  very  primitive  way  ;  but  the  results 
obtained,  although  appearing  so  erratic  and  contradictory, 
have  been  in  a  great  measure  confirmed  by  using  the  more 
elaborate  method  employed  later  on.  In  confirmation  of  this 
I  would  draw  your  attention  to  the  great  resemblance  which 
exists  between  the  two  curves  on  the  diagram,  which  are  the 
curves  of  copper  wires  produced  by  hand-  and  machine- 
winding  respectively. 

The  method  first  employed  to  investigate  this  efiect  was  to 
let  the  wire  under  test  form  one  side  of  a  Wheatstone  bridge, 
doubling  the  wire  into  a  loop  as  in  a  resistance-coil,  and  rolling 
it  by  hand  on  to  a  cylinder  or  other  shapes  in  wood.  The 
resistance  could  thus  be  taken  after  each  operation  without  the 
necessity  of  altering  the  connexions. 

The  time  lost  in  waiting  until  the  heat  imparted  to  the  wire 
through  handling  had  disappeared  was  great,  and  the  uncer- 
tainty as  to  the  tension  with  which  the  wire  was  coiled  and 
uncoiled  caused  me  to  seek  some  other  method. 

After  many  schemes  the  one  before  you  was  adopted.  Bear- 
ing in  mind  that  many  of  the  wires  to  be  experimented  upon 
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would  not  be  insolaied,  and  wonld  be  of  many  diflferent  dia- 
meters and  rigidities,  it  was  very  early  evident  that  the  drum 
on  which  the  wires  were  to  be  coiled  wonld  also  have  to  insu- 
late each  convolution  from  its  neighbour  as  well  as  to  wind  up 
the  wire.  The  diflfei-ent  diameters  and  rigidities  also  deter- 
mined the  necessity  of  being  able  to  vary  the  tension.  The 
insulation  is  obtained  by  using  an  ebonite  drum  to  receive  the 
wire  ;  on  this  drum  a  right-  and  left-handed  screw  has  been 
cut.  The  variation  in  the  tension  may  be  obtained  in  two 
different  ways,  or  by  a  combination  of  both: — 1st,  by  altering 
the  load  carried  in  the  littie  waggon  which  runs  up  and  down 
the  inclined  plane  ;  2nd,  by  altering  the  angle  of  inclination 
of  the  plane  ;  or  we  may  combine  both  if  necessary. 

As  the  application  of  longitudinal  strain  to  a  wire  while 
being  tested  for  resistance  has  been  shown  to  be  considerable, 
it  was  necessary  to  relieve  the  wire  from  the  strain  due  to  the 
load  before  taking  the  resistance,  otherwise  the  changes  due 
to  strain  would  have  been  included  in  the  readings.  To 
remove  the  strain,  the  waggon  on  arriving  at  the  bottom  of 
the  plane  rests  against  a 'stop  ;  on  being  drawn  to  the  top  the 
plane  is  brought  to  a  position  slightly  above  the  horizontal; 
these  allowing  in  both  cases  the  drum  to  slightly  unwind  itself, 
and  consequently  the  strain  on  the  wire  is  almost  entirely 
removed. 

The  ebonite  drum,  as  before  observed,  has  a  right-  and  left- 
handed  screw  cut  upon  it ;  these  meet  in  the  middle  of  its 
length.  A  screw  holding  down  an  ebonite  cap  here  passes 
through  the  inside  of  the  loop  of  the  wire  under  test,  and  fixes 
it  firmly,  but  without  injury,  to  the  drum ;  the  ends  of  the  wire 
are  carried  up  the  plane  to  two  binding -screws,  and  with  the 
necessary  leading  wires  form  one  side  of  a  Wheatstone  bridge. 

A  long  length  of  stout  whipcord  is  attached  to  the  middle 
of  a  winding  drum  underneath  the  head  of  the  plane,  and  the 
ends,  after  being  coiled  between  the  empty  tiireads  of  the 
ebonite  drum  (starting  from  the  centre),  are  fixed  to  the  ends 
of  the  drum.  On  turning  the  drum  below,  the  cords  pull  on 
the  top  part  of  the  ebonite  drum,  causing  it  to  revolve;  and  at 
the  same  time  that  the  cord  is  being  payed  off,  the  wire  under 
test  is  being  coiled  on  in  its  place.  This  is  continued  until 
the  waggon  arrives  at  the  top ;  a  pawl  working  on  a  ratchet- 
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wheel  prevents  the  waggon  rnnning  back  antil  the  plane  has 
been  brought  to  a  horizontal  position,  where,  after  resting  fiye 
minutes,  the  resistance  is  taken.  The  operations  are  now 
reversed;  and  after  a  similar  rest  at  the  bottom,  the  resistance 
is  again  taken.  And  these  operations  are  repeated,  each  ope- 
ration taking  about  six  minutes,  giving  an  average  of  ten  per 
hour  ;  they  were  generally  continued  for  three  hours,  giving 
for  each  series  about  thirty  readings,  and  then  allowed  to  stand 
until  the  following  evening,  all  strain  being  previously  removed. 

The  temperature  of  the  laboratory  was  carefully  regulated 
each  evening,  for  two  hours  before  commencing  work,  to  the 
same  temperature  as  on  the  previous  evening,  and  kept  con- 
stant within  half  a  degree  Fahr.  + . 

In  the  case  of  some  wires  as  many  as  380  readings  have 
been  taken  altogether ;  this  was  on  lead  wire  No.  5.  At  the 
end  of  the  seventh  series  the  wire  broke. 

The  curves  of  resistance  of  four  of  the  seven  series  of  tests 
on  this  wire  is  very  interesting.  It  will  be  observed  that,  while 
being  very  similar  to  each  other,  there  is  a  point  marked  (a) 
on  each  series  where  coiling  and  uncoiling  produce  an  increase 
in  the  resistance.  Again,  the  wonderful  power  of  recovery 
which  is  shown  by  the  wire  after  each  rest  is  very  marked  ; 
the  normal  condition  would  appear  to  be  to  give  positive  and 
negative  readings,  and  that  this  condition  is  upset  after  a 
time.  The  inability  to  recover  this  condition  has  suggested 
that,  when  this  point  has  been  arrived  at,  it  might  be  said  to 
represent  the  commencement  of  a  kind  of  electrical  fatigue. 

There  are  some  other  points  on  this  diagram,  and  which 
are  more  or  less  repeated  by  every  other  wire  that  I  have 
tested,  which  furnish  matter  for  speculation ;  such  as — ^why 
should  coiling  generally  produce  a  less  effect  than  uncoiling? 
and  why  should  the  signs  be  generally  different?  and  why 
should  those  signs  in  many  cases  become  reveraed  ? 

An  increase  of  resistance  on  uncoiling  and  a  decrease  on 
coiling  take  place  with  lead,  copper,  German  silver,  alumi- 
nium, and  magnesium  ;  and  also  with  the  first  few  operations 
on  soft  iron  wire,  after  which  the  signs  are  completely  changed. 

An  increase  almost  invariably  follows  coiling  and  uncoiling 
with  zinc,  but  ihe  effect  of  coiling  varies  from  one  half  to  one 
thirtieth  of  the  effect  of  uncoiling. 
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The  difference  between  coiling  and  uncoiling,  or,  we  might 
say^  the  amplitade  of  the  differences  of  resistancoB,  is  greatest 
in  the  case  of  magnesium  and  least  in  the  case  of  aluminium ; 
the  latter,  on  referring  to  tiie  curves,  will  be  seen  to  alter  very 
little  indeed. 

The  amplitude  of  the  differences  in  the  case  of  hard- drawn 
German  silver  is  not  so  great  after  a  few  series ;  and  when 
annealed,  after  showing  great  increases  after  standing  at  rest, 
the  final  series  approach  very  near  to  that  of  the  hard-drawn 
wire,  which  is  strong  evidence  indeed  that  the  wire  has  become 
harder  through  repeated  coiling  and  uncoiling. 

The  length  of  the  wires  were  very  carefully  taken  before  and 
after  the  experiments,  and  the  necessary  calculations  made  for 
alterations  in  length  and  crossHsection  according  to  the  formula 

R  QC  -,  in  which  R  «  the  resistance,  I  =  the  length,  and  a= 

the  area  of  the  cross  section. 

After  making  these  corrections,  the  changes  in  the  resisir- 
ance  remaining  unaccounted  for  are: — 


MetalB. 

Of  the  inorease 

on  the  orig^inal 

resiBtanoe. 

Of  the  actual  obierred 
change. 

IrOD     .»w.--t--r 

2-3  per  cent. 

1-27      „ 
M8  to  1-42  per  cent 
1-23  to  216        „ 
0-77  to  2-206      „ 
0-064  to  0-171    „ 
1-649  pep  cent. 

81*64  per  cent 
2-91        „ 
67-68  to  60-7  pep  cent. 
23-6   to  42-4      „ 
41-16  to  7201     „ 
11-89  to  21-6      „ 

TifMul  ^RTAFAra  of  DZ^     «,,,.._• 

ZinO    trr.T 

AliiTniniam    .......  ..ttf-.ttt-- 

German  silvep  (annealed)    ... 

'M'A.flmMniiTii  No.  2 ,,.,,.,., 

With  magnesium  No.  2,  from  a  different  sample  from  No.  1, 
the  wire  became  shorter ;  and  the  resistance,  which  should 
have  fallen  '0745  per  cent.,  actually  increased  1-475  per  cent., 
being  equivalent  to  a  difference  of  1*549  per  cent,  on  the 
original  resistance  unaccounted  for. 

With  magnesium  No.  1  the  actual  increase  of  resistance 
amounted  to  2*16  per  cent,  on  the  original  resistance,  whereas 
theoretically  it  shoidd  have  increased  3'39  per  cent.,  or  1*23 
per  cent  greater  than  really  took  place ;  or  we  may  say  that 
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of  the  theoretical  increase  only  54*35  per  cent,  was  visible^ 
showing  that  the  specific  condnctiviiy  of  the  wire  had  risen. 
Fonr  portions  of  this  wire  were  tested,  and  the  results  were 
all  very  near  alike. 

On  examining  the  results  obtained  with  Q^rman  silver 
No.  5  (annealed),  which  after  all  is  most  likely  to  interest  us, 
owing  to  its  employment  in  resistance-coils,  we  find  that  the 
total  increase  was  equal  to  *454  per  cent.;  and  after  deducting 
*4  per  cent.,  which  is  due  to  increase  in  length  and  diminution 
of  section,  there  still  remains  unaccounted  for  *054  per  cent, 
on  the  original  resistance,  or  11*89  per  cent,  of  the  whole 
observed  change. 

With  German  silver  (hard-drawn)  the  results  are  very 
curious.  Here  the  length  actually  decreased;  and  on  making 
the  necessary  corrections,  the  resistance  should  have  shown  a 
decrease  of  *284  per  cent.;  but  the  actual  decrease  was  only 
equal  to  '036  per  cent.,  not  low  enough  by  *248  per  cent. ;  or 
we  may  say  that  of  the  theoretical  decrease  only  12*26  per 
cent,  was  visible. 

On  examining  the  curves  from  the  iron  wires  Nos.  3  and  4, 
it  will  be  observed  that  at  the  commencement  uncoiling  pro- 
duced a  very  large  increase^  while  coiling  produced  a  small 
decrease ;  but  after  sixteen  operations  in  one  case  and  twenty- 
one  in  the  other,  the  signs  became  reversed,  and  this  continued 
tliroughout  the  remaining  series  of  the  two  wires. 

On  page  74,  vol.  vi.  of  the  *  Proceedings  of  the  Physical 
Society,'  I  find  a  paper  by  Mr.  Herbert  Tomlinson,  in  which 
he  says  that  "  the  behaviour  of  nickel  is  especially  worthy  of 
notice,  because  in  it  longitudinal  traction,  when  not  carried 
beyond  a  certain  limit,  diminishes  the  electrical  resistance  in 
spite  of  the  increase  of  length  and  diminution  of  section  which 
ensues." 

I  have  not  been  able  to  obtain  wires  in  nickel,  but,  accord- 
ing to  the  results  obtained,  some  samples  of  magnesium  appear 
to  have  the  same  property. 

At  the  last  moment  Prof.  Stocker  has  shown  me  that  in 
Die  ElectricUdt,  by  Wiedemann,  it  is  noted  that  "  the  coiling 
of  a  copper  or  iron  wire  increases,  whilst  the  uncoiling  dimi- 
nbhes  the  specific  resistance  about  0*003  of  the  total  value  of 
the  same-'* 
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And,  again,  in  Die  PhyHk^  vol.  iii.,  by  Monsson,  that  ^^  the 
coiling  of  a  wire  upon  a  cylinder  slightly  increases  the  resist- 
ance, in  consequence,  as  is  supposed,  of  tension ;  uncoiling 
diminishes  it  again.  Under  similar  circumstances^  the  changes 
amounted  to  0*0032  in  the  case  of  copper  and  to  0*0056  in 
iron,  of  their  total  resistances." 

It  will  be  observed  that  both  these  descriptions  are  contrary 
to  what  I  must  conclude  from  my  own  experiments. 

Having  made  some  inquiries  from  a  friend  of  mine  who 
had  charge  of  the  testing  department  in  the  cable  feu^tory  of 
J.  B.  Pirelli,  F.  Casassa  et  O®,  of  Milan,  he  has  supplied 
me  with  data  which  show  that  the  specific  conductivity  of  the 
copper  conductors  have  fallen  in  many  cases  1^  per  cent, 
during  manufacture,  and  when  encased  in  lead  tubes  they 
have  often  fallen  over  2  per  cent.  In  all  cases  the  necessary 
corrections  have  been  made  for  increase  of  length  and  dimi* 
nution  of  section  due  to  strain  in  passing  through  the  covering 
machines.  Possibly  the  greater  loss  in  the  lead-encased  core 
may  be  due  to  a  damping-e£Pect  from  the  lead,  but  the  bulk 
of  the  increase  of  resistance  must  be  due  to  some  other  cause. 
These  cables  were  manufactured  under  very  strictly  enforced 
conditions  for  the  Italian  State  Telegraph-stores ;  and  the  tests 
taken  by  government  officials,  ten  weeks  after  they  had  been 
sent  from  the  factory,  were  in  all  cases  within  0*2  per  cent, 
of  the  final  tests  in  the  fSsictory,  showing  conclusively  that  the 
changes  were  in  a  great  measure  permanent. 

I  have  therefore  come  to  a  very  decided  conclusion  that  the 
changes  in  the  resistance  are  not  altogether  the  resultof  changes 
in  form,  and  that  their  cause  must  be  sought  for  elsewhere. 

Many  theories  have  suggested  themselves,  but  none  are 
entirely  satisfactory. 

One  theory  was  that,  in  coiling,  the  decrease  of  resistance 
was  due  to  a  thickening  of  the  wire  on  its  internal  side  and  a 
thinning  of  the  external  side,  thus  bringing  the  centre  of  area 
inwards,  and  so  making  the  actual  distance  the  current  would 
have  to  travel  shorter,  which  would  be  equivalent  to  making 
the  wire  shorter ;  and  then  on  uncoiling,  the  displacement  of 
the  molecules,  due  to  slipping  on  each  other  when  seeking  to 
regain  their  original  position,  would  have  the  e£Pect  of  increa^ 
sing  their  distaiice  apart,  and  consequently  increasing  the 
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resistance.  But  the  weak  point  in  this  theory  is  that  it  will 
not  acconnt  for  the  change  of  signs  which  so  often  takes  place, 
nor  will  it  account  for  the  zinc  wires  giving  increased  resist- 
ances on  coiling. 

Another  theory,  which  appears  more  promising,  was  that, 
while  being  coiled  and  uncoiled,  the  wires  were  subject  to 
strains  of  a  torsional  kind,  which  might  be  due  to  their  having 
a  certain  amount  of  residual  twist  in  them,  owing  to  the  way 
in  which  they  have  been  coiled  on  to  the  drums  on  the  bench 
of  the  wire  drawer;  and  diat  on  being  coiled  and  uncoiled  on 
their  bobbins  this  twist  might  be  increased  or  decreased,  80 
giving  different  amounts  in  the  resistance.  But  from  experi- 
ments I  have  made,  which  seem  to  me  quite  conclusive,  it 
appears  that  although  there  is  a  certain  amount  of  twisting 
and  untwisting  produced  by  being  wound  on  to  the  bobbins, 
yet  this   fails  to  account  for  the  residue   of  the  observed 


With  reference  to  the  effects  on  the  permanency  of  value  of 
a  set  of  resistance-coils  which  are  only  subjected  to  one  wind- 
ing, I  have  nol  yet  sufficient  data  to  lay  before  you  ;  but,  so 
far  as  I  have  gone  into  this  part  of  the  subject,  I  believe  that 
the  immediate  alterations  on  coiling  the  wires  on  the  bobbins 
are  to  a  great  extent  affected  by  the  tension  and  the  speed 
with  which  they  are  wound,  the  thickness  and  kind  of  insn- 
lator  employed  (cotton-covered  wires  appear  to  be  less  affected 
than  silk-covered  wires),  and  also  by  the  diameter  of  the  bob- 
bins on  which  the  wire  is  wound  (the  smaller  the  bobbin  the 
greater  the  alteration) .  But  further  experiments  are  necessaiy 
to  put  these  beyond  doubt. 

Appended  to  this  paper  are  a  few  tables  showing  the  actual 
readings  in  the  first  series  of  several  of  the  wires  tested  (these 
readings  include  the  resistance  of  the  leading  wires,  -0274). 
These,  together  with  the  curves  (PI.  XIIL),  may  be  of  some 
service  in  assisting  to  a  conclusion  as  to  the  probable  cause  of 
the  changes  in  the  resistance  of  wires  produced  by  coiling  and 
uncoiling. 
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Actual  Readings  and  Differences  produced  hy  Coiling  and 

Uncoiling  of  Lead  Wire  No.  5  (first  four  series  only). 

U  represents  uncoiled  ;  0  represents  coiled. 


let  Series. 


U 
0 
V 
0 
V 
0 
V 
0 
V 
0 

u 

0 

u 

0 
V 
0 

u 
c 
u 

0 

u 

0 

u 

0 

u 

0 

u 

0 
V 
0 

u 

0 

u 

0 

u 

0 

u 

0 

u 

c 

u 

0 

u 

0 
V 

o 
u 

0 

u 

0 
XJ 

c 


Besist- 
ance. 


•2928 
22 
33 
32 
39 
40 
45 
47 
52 
54 
59 
61 
67 
69 
73 
77 
81 
84 
88 
91 
94 
98 

'3001 
4 
7 

10 
14 
17 
20 
24 
28 
30 
34 
38 
40 
42 
45 
47 
51 
56 
59 
62 
66 
69 
66 
70 
76 
79 
83 
87 
90 
90 


Differ- 
ence. 


+•0001 

+  0011 

-•0001 

+•0007 

+•0001 

+•0005 

+•00021 

+•0005 

+•0002 

+•0005 

+•0002 

+•0006 

+•0002 

•I--0004 

+•0004 

+■0004 

+•0003 

+  •0004 

+  0003 

+•0003 

+•0004 

+•0003 

+  0003 

+•0003 

+■0003 

+•0004 

+•0003 

+•0003 

+•0004 

+•0004 

+•0002 

+•0004 

+•0004 

+•0002 

+•0002 

+•0003 

+•0002 

+•0004 

+•0005 

+  0UO3 

+•0003 

+  0004 

+•0003 

+  •0003 

+•0004 

+  0006 

+•0003 

+•0004 

+  •0004 

+  •0003 


2iid  Series. 


Besistr 
anoe. 


•3087 
88 

•3103 
04 
12 
20 
28 
28 
36 
37 
43 
44 
49 
51 
57 
58 
63 
64 
69 
71 
77 
80 
85 
87 
92 
94 
98 


Differ- 
ence. 


+•0001 
+  0015 
+•0001 
+•0008 
+•0008 
+•0001 

+•0608 
+•0001 
+•0006 
+•0001 
+•0005 
+•0002 
+•0006 
+•0001 
+•0005 
+•0001 
+•0005 
+•0002 
+•0006 
+•0003 
+•0005 
+•0002 
+•0005 
+•0002 
+  0004 


Bested  here  21 
hours  ;    no 
change     on 
resuming. 


3rd  Series. 


Besist- 
ance. 


•3198 
•3196 
•8213 
11 
28 
26 
37 
35 
42 
42 
49 
49 
57 
57 
64 
64 
72 
73 
78 
79 
86 
87 
93 
94 
99 
•3300 
5 
6 
12 
14 
19 
20 
25 
27 
33 
36 
40 


-•0002 
+•0017 
-•0002 
+•0017 
-•0002 
+■0011 
-•0002 
+•0007 

+<)607 


Differ- 
ence. 


+•0008 
+•0607 


+•0008 
+•0001 
+•0006 
+  0001 
+  0007 
+•0001 
+•0006 
+•0001 
+  0005 
+  0001 
+  0005 
+  0001 
+  0006 
+•0002 
+•0005 
+•0001 
+•0005 
+•0002 
+  0006 
+•0003 
+•0004 


,   Bested  here  22 

hours  ;  no 
change  on 
resuming. 


4th  Series. 


Beeist- 
ance. 


•3340 
39 
56 
52 
64 
60 
72 
68 
78 
77 
86 
85 


•8400 
00 
5 
7 
14 
16 
20 
22 
26 
28 
32 
36 
39 
41 
43 
46 
49 
53 
56 


Differ- 
ence. 


-•0001 
+•0017 
-•0004 
+•0012 
-0004 
+•0012 
-•0004 
+•0010 
-•0001 
+•0009 
-•0001 
+•0008 


+•0007 


+•0005 
+•0002 
+  0007 
+•0002 
-f--0004 
+•0002 
+•0004 
+•0002 
+•0004 
+•0004 
+•0003 
+•0002 
+•0002 
+•0003 
+•0003 
+•0004 
+•0003 
+•0003 
+•0003 
+  •0003 
+•0003 
+•0003 
+  •0004 

■oom 

+•0003 
+  0003 
+•0002 
+•0003 
+  •0003 
+•0003 
+•0003 
+  •0003 
+■0003 
+•0003 
+•0001 


62 
65 
68 
71 

75 

79 

82 

85 

87 

90 

93 

96 

99 

•3502 

5 

8 

9 

L0B8      after 

standing      21 

hours =-0003. 


Digiti 


zed  by  Google 


Alnmmium  Wire. 


No.l. 


Ist  Series. 


fieeistanoe. 


Dii&Breiioe. 


2iid  Series. 


Diflbrenoe. 


U 
0 
U 
0 
V 
0 
V 
0 

u 

0 

u 

0 

u 

0 

u 

0 
V 
0 

u 

0 

u 

0 
V 
0 
V 
0 

u 

0 
V 

c 
u 

0 

u 

0 

u 

0 

u 

0 
V 
0 
V 
0 

u 

0 

u 

0 

u 

0 

u 

0 

u 


•08004 
4 
22 
16 
26 
18 


32 
26 
84 
27 
37 
26 
36 
30 
38 
33 
41 
36 
44 
39 
46 
42 
48 
44 
49 
46 
62 
48 
66 
62 
60 
66 
61 
68 
61 
69 
62 
60 
63 
61 
63 
62 
64 
63 
64 
64 
66 
66 
66 


+•00018 
-•00007 
+•00011 
-•00008 
+•00010 
-•00006 
+•00010 
-•00007 
+•00009 
-•00007 
+•00010 
-•00011 
+O0009 
-■00006 
+•00008 
—00006 
+•00008 
-•00006 
+•00009 
-O0005 
+•00007 
-•00004 
+O0006 
—00004 
+•00006 
—00003 
+•00006 
—00004 
+  •00007 
-•00003 
+■00008 
—00004 
+•00006 
-00003 
+O0003 
-•00002 
+  00003 
-•00002 
+•00003 
-•00002 
+•00002 
—00001 
+•00002 
—00001 
+■00001 

+^6o6bi 
+•60601 


•08042 
37 
48 
42 
49 
43 
63 
47 
68 
63 
61 
66 
64 
69 
67 
63 
69 
66 
71 
68 
72 
68 
73 
69 
74 
71 
76 
73 
77 
74 
78 
76 
79 
76 
81 
78 
83 
79 
82 
79 
82 
80 


-■00006 

+<K)011 
-•00006 
+•00007 
-^)0006 
+•00010 
-•00006 
+•00011 
-•00005 
+•00008 
-•00005 
+■00008 
--00006 
+•00008 
-•00004 
+•00006 
-•00003 
+•00006 
-O0003 
+•00004 
-•00004 
+•00006 
-•00004 
+•00006 
-•00003 
+•00005 
—00008 
+•00004 
-•00003 
+■00004 
-•00003 
+•00004 
-O0003 
+■00005 
-•00003 
+■00005 
-■00004 
+•00008 
-•00003 
+•00003 
•00002 
+•00002 


Bested   here  46  hours ; 
gamed  hy  standing  •00019. 


and 


Bested  here  21  hours ;  loss 
by  standing  -00023. 


Digitized  by 


Google 


ELBOTBIOAL  BE8ISTAN0BB  OF  MBTALLIO  WIRES. 
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Q^nnan-fiilyer  Wires. 


u.. 
0.. 
u.. 
c. 
u.. 
c. 
u.. 
c. 
u.. 
c. 
u.. 

0.. 

u.. 

0.. 

u.. 
c. 
u.. 
c. 
u.. 

0.. 

u.. 

0.. 

v.. 

0.. 

u.. 

0.. 

u... 

0.. 

u.. 
c. 
u.. 

0.. 

u.. 

IT., 


No.  4  (hard  drawn). 


lot  Series. 


Besist- 
anoe. 


1-53483 
25 
62 
12 
65 
13 
60 
05 
45 
02 
42 
03 
42 
05 
41 
00 
40 
00 
36 
00 
35 
1-63396 
434 
395 
434 
394 
423 
390 
421 
390 
425 
391 
425 


Differ- 
enoe. 


-•00058 
+•00037 
-00050 
+•00053 
-■00052 
+•00047 
-•00055 
+•00040 
-•00043 
+•00040 
-•00039 
+•00039 
-•00037 
+•00036 
-•00041 
+■00040 
-•00040 
+•00036 
-■00036 
+•00035 
-•00039 
+■00038 
-00039 
+•00039 
-<X)040 
+■00029 
-'00033 
+•00031 
-•00031 
+•00035 
-■00034 
+-00034 


Beeted  for  21 
hours ;  gained 
•00116. 


2nd  Series. 


Besist- 
anoe. 


1-53541 

445 

552 

458 

545 

468 

556 

471 

530 

485 

524 

480 

518 

482 

516 

478 

501 

472 

499 

66 

85 

59 

80 

52 

73 

37 

62 

48 

62 

34 

58 

31 

52 


Differ- 
ence. 


-•00096 
+•00107 
-•00094 
+•00087 
-.00077 
+  ■00088 
-•00085 
+•00059 
-00045 
+•00039 
•00044 
+•00088 
-•00036 
+  00084 
-00038 
+•00023 
-•00029 
+■00027 
-•00033 
+■00019 
-00026 
+  00021 
-■00028 
+•00021 
-•00036 
+•00025 
-•00014 
+•00014 
—00028 
+  00024 
-•00027 
+•00021 


Bested  for  21 
hours;  gained 
•00109. 


No.  5  (annealed). 


1st  Series. 


Besist- 
anoe. 


1-51821 
982 
963 
981 
980 
980 
980 
992 
992 
988 
1-52000 
1994 
2004 
2000 
2010 
2003 
2020 
2010 
2025 
2014 
2031 
2021 
2038 
2027 
2040 


Differ- 
ence. 


+•00161 
—00019 
+•00018 
-•00001 


+•00012 

-•66604 
+•00012 
-•00006 
+•00010 
-■00004 
+•00010 
-•00007 
+■00017 
-•00010 
+•00015 
-•00011 
+■00017 
-00010 
+•00017 
—00011 
+•00013 


Bested  for  16 
hours;  gained 
00110. 


2nd  Series. 


Bedst- 


1-52150 
140 
150 
142 
149 
138 
150 
136 
130 
122 
140 
123 
135 
120 
132 
119 
129 
111 
120 
108 
114 
100 
065 
073 
062 
068 
071 
065 
070 
070 
071 
070 
072 
070 
073 


Differ, 
ence. 


-•00010 
+  00010 

•00008 
+•00007 
-00011 
+•00012 
-•00014 
+•00006 
-•00008 
+-00018 
—00017 
+ -00012 

-00015 
+•00012 
-•00013 
+■00010 
-■00018 
+•00009 
-•00012 
+•00006 
- -00014 
+ -00015 
-•00012 
+■00011 
-•00006 
+-00003 
-•00006 
+•00005 


+■00001 
-•00001 
+•00002 
-•00002 
+00003 


Bested  for  26 
hours;  gained 
•00231. 


Digiti 


zed  by  Google 


1 


246  MB.  J.  HOPPS  ON  THE  ALTB&ATIONS  IN  THB 

Magneainm  Wires. 


u.. 
c. 

u.. 

0.. 

u.. 
c. 

u.. 
c. 
u.. 

0.. 

u.. 
c 
u.. 
a. 
u.. 

0.. 

v.. 
c. 
v.. 

0.. 

u.. 
c 
u.. 

c 
u.. 

0.. 

IT.. 

c 
u.. 
c 

u.. 
c 

u.. 

0.. 

u.. 

c 

u.. 

0.. 

u.. 
c. 
u.. 

0.. 

u.. 


No.  1.    Length  at  oominenoement 
=56*08  inohee. 


Ist  Series. 


Besifit- 
ance. 


•29195 
60 
210 
75 
225 
98 
255 
145 
265 
155 
280 
180 
308 
178 
277 
186 
284 
185 
292 
205 
295 
205 
285 
225 
327 
287 
345 
260 
362 
265 
877 
314 
434 
355 
438 
366 
445 
385 
458 
390 
462 
397 
468 


Differ- 
ence. 


-00135 
+ -00160 
-•00135 
+ -00150 
-00127 
+•00157 
-00110 
+•00120 
-00110 
+O0125 
-•00100 
+•00123 
-•00125 
+•00099 
-O0091 
+•00098 
-•00099 
+•00107 
-O0087 
+-00090 
-•00090 
+•00080 
-•00060 
+  00102 
-•00090 
+•00108 
-•00095 
+•00112 
-•00097 
+•00102 
-•00063 
+O0120 
-■00079 
+•00083 
—00072 
+•00079 
-•00060 
+O0073 
-•00068 
+•00072 
-•00065 
+■00071 


Eested  hero  21 
hours;  resifitanoe 
roee  to  -29488; 
showing  ffain  by 
standing  of  -00020. 


2nd  Series. 


Besist- 
anoe. 


•29488 
384 
525 
410 
655 
427 
567 
445 
567 
435 
565 
465 
575 
473 
585 
482 
594 
488 
605 
496 
610 
506 
617 
605 
620 
525 
625 
535 
622 
545 
646 
547 
647 
566 
660 
573 
667 


Differ- 


-•00104 
+•00141 
-•00115 
+•00145 
-•00128 
+•00140 
-•00122 
+  00122 
-•00132 
+•00130 
-00100 
+•00110 
-•00102 
+•00112 
-•00103 
+•00112 
-•00106 
+•00117 
-•00109 
+•00114 
-00105 
+  00112 
-■00112 
+•00115 
-00095 
+■00100 
-•00090 
+•00087 
-•00077 
+•00100 
-•00098 
+•00100 
-•00081 
+•00094 
-•00087 
+•00094 


Bested  here  21 
hours;  gained 
•00021. 


No.  2.    Length  at  oommeDoemfiiit 
=86  inches. 


1st  Series. 


Benst. 
ance. 


•44079 
3815 
4148 


4216 
3991 
4246 
4023 
257 
062 
272 
091 
800 
126 
325 
168 
230 
088 
248 
061 
251 
069 
250 
084 
245 
085 
246 
100 
249 
112 
251 


Differ- 
ence. 


-•00264 
+  00333 
-O0215 
+•00283 
-•00225 
+•00264 
-•00222 
+•00234 
-00195 
+•00210 
-•00181 
+  00209 
-•00174 
+•00199 
-•00157 
+  00062 
-00142 
+  00160 
-00167 
+  00170 
-•00162 
+  00161 
-•00166 
+  00161 
-•00160 
+  00161 
-00146 
+•00149 
-•00137 
+•00139 


Bested  here  18 
hours ;  gained  by 
standing  -00061. 


2nd  Series. 


Besist- 
anoe. 


•44312 
148 
368 
205 
404 
232 
381 
223 
385 
231 
386 
235 
380 
242 
381 
241 
384 
246 
381 
242 
380 
241 
376 
244 
868 
239 
870 
241 
868 
240 
354 
242 
350 
235 
851 
289 
344 
288 
341 
237 
842 


Difie^ 
enoe. 


-•00164 
+■00220 
-•00163 
■0019B 
-■00172 
+.00149 
-•00168 
+•00162 
-•00164 
+■00165 
-■00161 
+•00145 
-■00138 
+■00139 
-•00140 
+-00143 
-■00138 
+•00135 
-•00139 
+•00138 
-O0189 
+•00186 
-■00134 
+■00129 
-■00129 
+-00181 
-O0129 
+■00127 
-•00128 
+•00114 
-•00112 
+■00106 
-O0116 
+•00116 
-O0112 
+•00105 
—00106 
+•00108 
-•00104 
+•00106 


Bested  here  26 
hours;  gained  by 
standing -0003. 


Digiti 


zed  by  Google 
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Iron  Wires  (soft). 


No.  3. 


No.  4. 


v.. 

0.. 

u.. 

0.. 

u.. 

0.. 

u.. 
c. 
u.. 
c. 
u.. 
c 
u.. 
c. 
u.. 
c, 
u... 
c. 
u... 
c... 
u.. 

0... 

u.., 
c... 
u... 
c, 
u... 
c... 
u.. 

0... 

u.. 
c... 
u.. 
c. 
u.. 


1st  Series. 


Eesist-     Differ-      Resist-     Differ- 


•34735 
42 
74 
72 
812 
16 
42 
47 
62 
70 
86 
902 
14 
32 
28 
56 
20 
72 
52 
92 
64 
•35015 
4982 
5041 
5002 
58 
19 
79 
38 
96 
55 


I      2nd  Series. 


Ist  Series. 


+•000071 
+  000321 
-•00002 
+•00040 
•00004 
+•00026 
+•00005 
+•00015 
4-00008 
+•00016 
+•00016 
+•00012 
+•00018 
-•00004 
+•00028 
-■00036 
+•00052 
-•00020 
+  00040 
-•00028 
+•00051 
-00033 
+•00059 
-•00039 
+•00056 
-•00039 
+•00060 
-00041 
+■00058 
-•00041 


Bested  here  45 
hours ;  loss  bj 
standing     = 
•00060. 


•34995 
•35089 
022 
093 
047 
101 
042 
097 
039 
098 
048 
104 
058 
107 
057 
115 
056 
117 
062 
124 
058 
118 
076 
114 
084 
118 
102 
142 
121 
164 
145 
192 
176 


ence. 


+  00094 
-•00067 
+•00071 
—00046 
+■00054 
—00059 
+•00045 
-•00058 
+•00059 
-•00060 
+•00056 
-00046 
+•00049 
-00050 
+•00058 
—00059 
+•00061 
-•00055 
+•00062 
-•00066 
+  00060 
-•00042 
+•00038 
-•00030 
+•00034 
-00016 
+•00040 
-•00021 
+  00043 
-•00019 
+  •00047 
-•00016 


Rested  here  45 
hours ;  gained 
by  standing  = 
•00029. 


Resi  st- 
ance. 


•84720 
35 
78 
72 
•34815 
16 
37 
42 
60 
68 
80 
98 
•34920 
30 
30 
40 
30 
53 
30 
68 
40 
64 
45 
65 
40 
75 
50 
98 
68 
•35014 
•34988 
•35050 
32 
88 
65 


Differ- 
ence. 


+•00015 
+•00043 
—00006 
+•00043 
+  •00001 
+  00021 
+•00005 
+•00018 
+•00008 
+•00012 
+•00018 
+•00022 
+•00010 


+•00010 
-•00010 
+•00023 
-•00023 
+•00038 
-•00028 
+•00024 
00019 
+•00020 
-•00015 
+  00035 
-•00025 
+•00048 
-•00030 
+•00046 
-•00026 
+•00062 
-•00028 
+•00056 
-•00023 


Rested  here  21 
hours ;  loss  by 
standing  •00095. 


2nd  Series. 


Resist- 
ance. 


•34970 

•35060 
15 
65 
28 
74 
30 
68 
35 
77 
32 
70 
31 
79 
42 
88 
45 
99 
69 

•35119 

085 

128 

112 

45 

24 

59 

44 

80 

70 

99 

90 

•35226 
19 
68 
56 


Differ- 
ence. 


+•00090 
-•00045 
+  00050 
-•00087 
+•00046 
-•00044 
+  00038 
-•00033 
+•00042 
-00045 
+•00038 
-00039 
+•00048 
-•00037 
+•00046 
-•00043 
+•00054 
-•00030 
+•00050 
-•00034 
+•00043 
-00016 
+  00033 
-00021 
+  00035 
-•00015 
+•00036 
-00010 
+•00029 
-00009 
+  00036 
-•00007 
+•00049 
-•00012 


Rested  here  21 
hours ;  loss  by 
standing  <« 
•00026. 


Digitized  by 


Google 


BLBOTBIOAL  BBSISTANOBS  OF  MBTALLIC  WIBBB. 


Copper  Wire. 


u 
0 
u 

0 

u 

0 

u 
o 
u 

0 

u 
o 

u 

0 

u 

0 

u 
c 
u 

0 

u 
c 

V 

o 
u 

0 
TJ 

o 
u 

0 

u 
c 

u 

0 

u 


No.  4. 


Ist  Series. 


Besutanoe. 


•17762 
69 
78 
75 
88 
85 
97 
94 

•17806 
04 
25 
20 
31 
27 
39 
84 
43 
38 
47 
43 
54 
49 
60 
56 
64 
69 
66 
63 
71 
67 
74 
70 
77 
74 

•17880 


Difference. 


-•00003 
+•00019 
-•00003 
+■00013 
-•00003 
+•00012 
-00003 
+•00014 
-•00004 
+•00021 
-•00006 
+•00011 
-•00004 
+•00012 
-■00006 
+•00009 
-•00005 
+•00009 
-•00004 
+•00011 
-•00005 
-HOOOU 
-•00005 
+•00009 
-•00005 
+•00007 
--00003 
+  00008 
-•00004 
+•00007 
-•00004 
+•00007 
-•00003 
+•00006 


Bested  here  21  houn ; 
gained  by  standing 
•00002. 


2nd  Series, 


Besistance. 


•17882 
•17880 
•17903 
•17894 
•17914 
04 
28 
20 
36 
30 
41 
34 
48 
43 
60 
52 
67 
59 
73 
65 
78 
71 
84 
77 


87 
97 
91 
98 
91 
99 
96 
•18005 


Difference. 


-•00002 
+■00023 
-•00009 
+•00020 
-•OOOIO 
+•00024 
-•00008 
+•00016 
-•00006 
+O0011 
-•00007 
+•00014 
-•00006 
+•00017 
-•00008 
+•00015 
-•00008 
+•00014 
— O00O8 
+•00013 
-■O0OO7 
+•00013 
-•00007 
+■00012 

-•oooor 

+•00011 
-•00006 
+-00O1O 
—00006 
+•00007 
-•O00O7 
+•00008 
-•00008 
+•00009 


Bested  here  21  houn ; 
loss  by  standing 
•00039. 
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Zinc  Wires. 


No.  6. 


Besistanoe. 


Difference. 


No.  6. 


BesUtanoe. 


Difference. 


U 

o 

V 
0 

u 

0 

u 
c 

V 

o 
u 
o 
u 

c 

u 

0 

u 

0 

u 

0 

u 

0 

u 

0 

u 
c 
u 

0 


•14063 
077 
095 
104 
128 
135 
146 
149 
160 
164 
173 
178 
186 
190 
200 
205 
212 
219 
227 
239 
244 
267 
261 
270 
272 
278 
278 


+•00014 
+•00018 
+•00009 
+•00024 
+•00007 
+•00011 
+•00003 
+•00011 
+•00004 
+•00009 
+•00005 
+•00008 
+•00004 
+•00010 
+•00006 
+•00007 
+•00007 
+•00008 
+•00012 
+•00005 
+  00013 
+•00004 
+•00009 
+•00002 
+•00006 


+•00017 


•14038 
065 
090 
087 
119 
117 
138 
138 
152 
149 
164 
163 
178 
180 
191 
193 
205 
208 
218 
221 
230 
235 
245 
261 
270 
288 


+•00027 
+•00025 
-•00003 
+•00032 
-•00002 
+•00021 


+•00014 
-•00003 
+O0015 
—00001 
+  00015 
+•00002 
+O0011 
+•00002 
+•00012 
+•00003 
+•00010 
+•00003 
+•00009 
+•00005 
+•00010 
+•00006 
+•00019 
+•00018 


Wire  broke. 


Wire  broke. 


XXII.  On  same  TItermal  and   Volume  Changet  attending 
Mixture.    By  Fbbdbbick  Guthbib*. 

[The  paragTAplis  are  numbered  in  sequence  -with  those  of  my  preyioua 
oommunications  on  SaltrSolutions  and  Attached  Water.] 

§  256.  It  may  be  taken  as  a  rule  that  solid  crystalloids  are 
more  soluble  in  liquids  when  the  two  are  at  a  higher  than 
when  at  a  lower  temperature.  The  apparent  exceptions  to 
this  rule  are  all,  I  believe,  referable  to  the  decomposition  by- 
heat  which  the  solids  undergo  and  the  inferior  solubility  of 
the  new  products  in  the  liquid. 


«  Bead  NoTember  8, 1884. 
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In  §§  238-241  a  it  wsis  shown  that  the  liquids  triethykmine 
and  water  are  remarkably  more  iniscible  when  oooler  than 
when  warmer  ;  and  their  relationship  in  this  respect  wa8 
pretty  fally  made  out.  The  conclusion  come  to  in  this  par- 
ticular case  was  that,  when  the  two  liquids  are  brought 
together,  a  subcryohydrate  is  formed,  and  the  heat  attending 
(set  free  during)  its  formation  may  or  may  not  be  sufficient 
to  effect  its  almost  complete  decomposition,  or,  rather,  mitigate 
its  formation  according  as  the  initial  temperature  of  the.  two 
liquids  is  higher  or  lower.  And  that  subsequent  elevation  of 
temperature  affects  decomposition.  Depression  of  temperature 
promotes  the  formation  of  the  subcryohydrate. 

A  liquid  is  in  a  different  predicament  from  a  solid  when 
the  question  turns  upon  the  solubility  in  a  liquid  medium. 
With  a  solid,  increase  of  temperature  always  tends  in  the 
direction  of  fusion  per  %e^  which  implies  diminished  cohesion 
and  the  bringing  of  the  two  (solid  and  liquid)  into  a  com- 
munity of  ph^'^sical  state.  In  the  case  of  two  liquids,  although, 
as  before,  rise  of  temperature  may  promote  solution  by 
diminishing  cohesion,  such  promotion  may  be  more  than 
counterbalanced  by  the  tendency  of  the  increased  heat  to 
Beparate  one  or  other  liquid  as  a  vapour,  the  particles  of 
which,  coalescing,  form  a  liquid  insoluble  in  the  rest. 

Be  this  as  it  may,  it  will  be  found  that  the  separation  of 
liquids  from  their  mixtures  by  increase  of  temperature  is  by 
no  means  uncommon,  and  may  be  the  rule  rather  than  the 
exception  long  before  temperaturea  approaching  the  critical 
ones  are  reached. 

§  257.  Change  of  Volume  of  Triethylamine  and  Water  at 
about  the  Temperature  of  tfieir  Separation, — The  remarkable 
separation  which  takes  place  between  triethylamine  and  water 
when  a  mixture  of  the  two  is  warmed,  and  which  was  de- 
scribed in  §  238,  suggests  the  possible  use  of  such  a  mixture 
as  a  calorimeter.  For^  if  such  separation  is  accompanied  by 
any  great  change  in  volume,  since  the  amount  of  additional 
heat  required  to  effect  a  large  separation  is  exceedingly  small, 
a  very  exact  measure  of  the  heat  given  to  the  mixture  by  a 
given  mass  of  matter  cooling  through  a  given  range  of  ten> 
perature  would  be  obtained  by  measuring  such  change  of 
volume. 
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I  accordingly  took  a  bulb  with  a  capDlary  stem  and  deter* 
mined  its  capacity  np  to  a  lower  mark  on  the  stem,  and. then 
calibrated  the  stem.  The  capacity  at  16°"1  was  9*1823  cabip 
centim.  The  mean  volume  of  1  millim.  of  the  stem  was 
•000830038  cubic  centim.,  or  0*00009039  of  the  capacity  of  the 
bulb.  Into  this  bulb  5*4873  grams  of  water  were  introduced 
and  then  3*0600  grams  of  triethylamine^  making  a  35'8-per-r 
cent,  solution.  The  two  on  being  mixed  and  brought  to  the 
temperature  of  16^*1  had  a  volume  which  may  be  called  Vj 
and  which  was  9*1820  cubic  centim.  The  bulb  was  now  kept 
for  an  hour  at  each  0°'5  higher  temperature.  In  the  follow^ 
ing  Table  the  rise  in  millimetres  for  every  0°*5  is  given  ;  such 
rise  being  corrected  for  the  calibration  of  the  tube  and  corr 
rected  also  for  the  expansion  of  the  glass  (cubic  expansioif 
•000026  for  1^  0).  The  nearest  tenths  of  millimetres  only 
are  given. 

Table  LVIII. 


Ooirected 

Corrected 

Corrected 

Corrected    * 

T. 

increaee 

increase  on 

T. 

increase 

increase  on 

on  previous 

original 

on  previous 

original 

volume. 

Tolume. 

volume. 

volume. 

o 

milliiu. 

miUim. 

o 

millim. 

millim. 

161      • 

21-6 

18-8 

172-5 

16-6 

7-9 

*7-9 

221 

180 

190-5 

171 

7-9 

15-8 

226 

175 

^•0 

17-6 

7-9 

23-7 

231 

17-0 

224-0 

181 

8-4 

321 

23-6 

17-3 

2410 

18-6 

16-5 

47-6 

241 

17-2 

258-2      ■ 

191 

24-5 

721 

246 

17-2 

275-4        t 

19-6 

24-6 

96-7 

251 

17-2 

292-6 

201 

20-8 

117-5 

25-6 

171 

309-7 

20-6 

18-6 

1361 

261 

171 

325-8 

211 

17-6 

153-7 

26-6 

17-1 

343-9 

The  original  volume  at  16°*1  being  9'1820  cubic  centim.^ 
at,  for  example,  19°*  I  it  was  9*182  +  72*1  x  •00083001  •,  or 
9'2418  cubic  centim.  As  the  volumes  in  the  third  column 
are  corrected  for  calibre,  they  serve  at  once  to  explain  the 
behaviour  of  the  liquid. 

From  §  237  it  seems  that  the  liquid  here  dealt  with  is,  at 
starting,  at  16^*1  a  mixture  of  the  subcryohydrate  and  the 
base  itself.  This  mixture  expands  regularly  from  16°*1  to 
17°*6.  Through  that  range  equal  increments  of  temperature 
are  accompanied  by  equal  expansions.  At  18°*1  the  liquid 
«  Froin  table  of  calibration. 
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is  opalescent^  and  that 
opalescence    is    accom- 
panied by  an  increased 
expansion.   AtlS^'-Gthe 
liquid     becomes     quite 
inilky,  and  on  standing 
separates    into    two    of 
nearly  the  same  density 
and     refractive     index. 
These    two    are    about 
equal    in    volume    (see 
5  241a).    The  two  next 
half-degree      warmings 
produce  a  still  greater 
separation ;  I  mean  that 
the  total  actual  sinking 
of  the   watery  solution 
and  the  rise  of  the  am- 
moniacal  solution  is  pro- 
bably   greater    in    this 
case  than  before.     The 
joint  expansion  has  in- 
creased.    Now  this  may 
be  brought  about  by  two 
causes  :  either  that  the 
separation  is  greater,  or 
that  after  separation  the 
mean  expansion  by  heat 
of  the   separated   parts 
together  is  greater.  That 
the  increased  expansion 
is  not  due  to  the  second 
of    these    causes  seems 
proved  by  the  fact  that, 
as   the   heating  is  con- 
tinued, the  expansion — 
although,  indeed,  always 
greater    than     that    at 
temperatures  below  the 
separating  point— is  less 


lo'  I    i; 
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ihan  the  expansion  daring  separation.  Separation  produces 
some  expansion  ;  and  this  being  superadded  to  the  expansion 
due  to  the  increased  temperature  of  the  separated  constituents 
gives  rise  to  the  elegant  curve  of  fig.  1.  The  lower  and  upper 
parts  of  this  curve  are  straight  lines  at  different  inclinations  to 
the  axis.  The  region  of  separation  is  indicated  by  a  curve 
tangent  to  both^  and  whose  mean  tangent  is  more  inclined 
than  either  to  the  axis  of  percentage. 

Although,  therefore,  the  separation  of  the  mixed  liquids 
into  two  immiscible  liquids  (each  of  which  is  mixed)  is 
accompanied  by  an  abnormal  volume-change  (increase),  this 
increase  is  not  so  much  larger  than  the  increase  attributable 
to  mere  heat-dilatation  as  to  make  the  liquid  even  at  the  brink 
of  its  critical  condition  especially  valuable  as  a  calorimeter. 

Another  resource  would  be  of  course  to  measure  the  degree 
of  separation  approximately  by  measuring  the  height  of  the 
plane  of  separation  of  the  two  immiscible  mixed  liquids  heated 
by  a  known  mass  cooling  through  a  known  range.  This 
would  be  indeed  in  theory  a  very  effective  calorimeter;  but  I 
do  not  see  the  way  at  present  to  overcome  certain  practical 
difficulties  of  arrangement  and  manipulation. 

§  258.  Diethylamine  and  Water. — These  two  liquids  appear 
to  mix  in  all  proportions  at  all  atmospheric  temperatures 
above  0^  C.  An  aqueous  solution  of  the  base,  when  heated 
in  an  open  vessel,  gives  off  the  base  as  a  vapour^  and  the 
temperature  does  not  rise  above  100°  C. 

Into  a  strong  glass  tube,  which  was  afterwards  sealed,  was 
introduced  a  mixture  consisting  of  45*42  per  cent,  of  diethyl- 
amine  and  54*58  per  cent,  of  water.  On  heating  this  in  an 
oil-bath,  with  a  thermometer,  very  gradually,  and  again  letting 
the  temperature  fall  slowly,  the  bath  being  kept  well  stirred, 
the  following  changes  were  observed  : — 

At  1 30°  the  liquid  was  still  quite  clear. 
134^*5  separation  was  incipient. 

135^.  The  lower  layer  amounted  to  about  \  of  the  whole, 
136  .        „  „  „  i  „ 

145  .         „  „  „  J  „ 

150  .         „  „  „  J  „ 

1"^  •  »  ?>  »  ¥  w 
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The  conditions  were  not  snch  as  to  allow  of  exact  measure- 
ment. The  critical  temperature  is,  however,  trustworthy ; 
and  the  result  shows  that,  within  a  range  of  about  10°  C.  only, 
the  separation  begins  and  is  completed,  as  far  as  the  com- 
pletion is  faithfully  measured  by  the  height  of  the  plane  of 
demarcation.  It  is  to  be  noted  that,  owing  in  part  to  the  re- 
fractive index  of  diethylamine  being  nearer  that  of  water 
than  is  the  refractive  index  of  triethylamine,  the  above  sepa- 
ration is  not  marked  by  the  milkiness  which  characterizes  the 
separation  of  the  latter  body  *•  If  it  were  not  for  accidental 
dust-particles  floating  on  tiie  surface  of  the  lower  liquid  it 
would  be,  in  some  cases,  almost  impossible  to  distinguish  the 
two  layers.  As  the  phenomenon  of  separation  is  one  which 
has  to  be  watched  for,  the  tubes  cannot  be  enclosed  in  metal 
cases  fof  the  purpose  of  equalizing  the  pressure  on  the  glass. 
Although  only  one  tube  of  this  series  has  burst,  I  have  not 
cared  to  carry  the  temperature  above  180°  C,  which  must 
correspond  to  a  pressure  of  about  15  atmospheres. 


Table  LIX. 
Separation  between  Diethylamine  and  Water  as  Liquids. 


Diethylamine 

Water 

Temperature  at  which  separation 

per  cent. 

per  cent. 

begins. 

12-64 

87-36 

Still  clear  at  180°. 

1502 

84-98 

Begins  to  separate  at  128°. 

16-30 

83-70 

121-8. 

20-94 

7906 

121. 

26-89 

7311 

123. 

37-80 

62-20 

128. 

45-42 

54-58 

134-5. 

62-35 

37-65 

154. 

75-76 

24-24 

Still  clear  at 170  (burst  about  \S0^\ 

•  Mr.  lUingworth,  a  student  in  my  physical  laboratory,  has  been  kind 
enough  to  determine  the  refractive  indices  of  this  group. 

Ethylamine    1-3718 

Diethylamine 1-3850 

Triethylamine    . .  l-{ 


The  determinations  were  made  at  17^  C,  a.temperatare  rather  perilously 
near  the  boiling-point  of  ethylamine. 
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Fig.  2. 
o  Diethylamine  and  Water. 
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Per  cent.  0 


SO   40  50  6j  70 


go  100  per  eant. 


A  few  points  are  noticeable  in  these  experiments.  The 
12-64-per-cont.  solution  showed  no  true  separation  at  180°. 
On  standing  to  cool^  with  the  point  of  the  tube  a  little  above 
the  oily  a  layer  was  formed  on  the  liquid  surface  of  about 
1  millim.  in  thickness.  This  layer  subsisted  even  when  the 
temperature  of  the  bath  had  sunk  to  100^,  provided  the  tube 
was  not  shaken.  On  repeating  the  experiment,  and  removing 
the  tube  from  the  bath  at  180^^  it  became  evident  that  the 
phenomenon  was  one  of  distillation.  The  upper  and  partly 
empty  end  of  the  tube  being  the  first  to  cool^  the  liquid 
of  highest  vapour-tension,  namely  the  diethylamine,  distilled 
into  that  region,  condensed,  and  floated  on  the  heavier  and 
more  aqueous  portion.  Such  a  layer  is  rather  apt  to  be  over- 
looked, but  its  growth  may  be  watched  in  comfort  after  the 
temperature  has  fairly  begun  to  sink. 

§  259.  It  should  also  be  remarked  that  while  a  12*64- 
per-cent.  solution  at  180°  has  only  a  slight  etching-action  on 
glass,  the  62*35-per'Cent.  solution  caused  the  surface  of  the 
glass  (soft  German)  to  peal  off  in  visible  scales  when  heated 
to  150^-160°,  acting  like  a  caustic  alkali.  This  may  be  the 
reason  of  the  bursting  of  the  75'76-per-cent.  tube,  which  had 
a  wall-thickness  of  2*5  millim.  and  an  internal  diameter  of 
9  millim.  It  is  well  to  remember,  therefore,  that  a  tube 
which  has  withstood  a  pressure  due  to  a  certain  temperature 
may  afterwards  give  way  when  even  at  a  lower  one. 
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§  260.  I  have  not  succeeded  in  separating  ethjiamine  from 
water  by  heat  in  closed  vessels.  But  by  the  closest  analogy 
we  must  expect  both  that  body  and  ammonia  itself  to  leave 
the  water  with  which  they  are  combined  as  subcryohydrates 
(§§  235,  233);  and  at  some  very  high  temperature  and  pres- 
sure to  exhibit  nearly  complete  insolubility  with  that  liquid. 
All  of  these  liquids  contract  with  water  and  evolve  heat. 

§  261.  Tetrethylammonium  Oxide. — Looking  on  aqueous 
ammonia  as  being  a  solution  in  water  of  the  oxide  NH4  HO,  the 
comparison  between  ethyl-,  diethyl-,  and  triethyl-ammonium 
oxides  on  the  one  hand,  and  tetrethyl-ammonium  oxide  on 
the  other,  in  regard  to  their  solubilities  in  water  being  affected 
by  heat,  should  present  many  points  of  interest  both  to  the 
physicist  and  to  the  chemist.  The  following  experiment  may 
be  noted ;  for  although  it  brings  us  but  little  further  in  the 
immediate  direction  of  our  inquiry^  it  confirms  the  statement 
that  a  solution  of  tetrethylammonium  is  decomposed  on  con- 
centration by  evaporation.  A  10-per-cent,  solution  heated  in 
an  oil-bath  to  180°  gives  off  a  permanent  gas  which  ultimately 
nic^y  burst  the  tube.  This  is  no  doubt  defiant  gas.  At  the 
same  time  oily  drops  which  float  are  formed  in  the  tube; 
pn  cooling,  they  disappear.  This  is  evidently  triethylamine 
containing  water;  the  reaction  being 

(Cs  H,)„  NHO = (Cs  H,)s,  HNHO  +  C,  H,. 

And  it  appears  that  this  known  decomposition  is  brought 
about  by  heat  alone  without  concentration. 

§  262.  Tetramethylammonium  Oxide  (a  10-per-cent.  solu- 
tion) does  not  show  any  separation  at  200^,  but  begins  ta 
solidify  at  —16°.  The  tetr ethyl  compound  of  the  same 
strength  also  solidifies  in  an  ice-salt  cryogen. 

§  263.  Ethylic  Ether  may  be  here  mentioned  as  a  liquid 
which,  though  only  slightly  soluble  in  water,  forms  with  it  a 
solution  decomposable  by  heat.  Water  saturated  with  ether 
at  a  given  temperature,  and  heated  in  a  closed  tube  a  few 
degrees,  becomes  visibly  milky.  When  such  a  solution  is 
heated  to  100®  C,  the  ether,  probably  nearly  anhydrous,  forms 
a  distinct  layer  on  the  top.  It  is  redissolved  on  cooling.  Now 
in  §  104  it  was  shown  that  ether  united  with  water.  In 
§  274  it  will  be  shown  that  such  union  is  accompanied  by  the 
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Fig.  3. 


liberation  of  he^t  and  by  contraction.  Here  we  have  the 
third  term  of  such  relationship,  namelj,  the  decomposition  of 
the  combination  by  a  rise  of  temperature. 

§  264-  Alcoliol  and  ,  Bisulphide  of  Carbon, — It  may  be 
recalled  that  in  §§  207-7228  strong,  almost  perfect,  analogies 
were  established  between  water-salt  alloys  and  salt-salt  alloys. 
So,  now,  I  am  led  to  consider  the  case  of  the  mixture  of  two 
liquids  neither  of  which  is  water.  And  in  choosing  for  my 
first  experiments  alcohol  and  bisulphide  of  carbon,  I  was 
guided  by  the  fact  that^  speaking  from  a  chemical  point  of 
view,  we  should  not  expect  there  to  be  any  relationship,  and 
because  both  liquids  can  be  got  in  a  state  of  very  great  purity. 
The  alcohol  was  obtained  by  distilling  the  nominally  ^^  ab- 
solute" from  quicklime.  The  bisulphide  was  washed  with 
water  and  distilled  from  oil  of  vitriol.  A 
preliminary  experiment  showed  that  expan- 
sion resulted  on  mixing  the  two.  A  quill- 
tube  about  4  feet  long  was  closed  at  one  end 
and  half  filled  with  the  bisulphide  ;  about  an 
equal  volume  of  alcohol  was  added.  The  tube 
was  closed  and  the  contents  mixed.  When 
the  whole  had  resumed  the  air-temperature, 
a  permanent  lengthening  of  the  column  of 
about  11  miUim.  had  taken  place. 

For  exact  determination  the  following 
method  was  employed.  Two  bulbs,  A  and  B, 
nearly  equal,  were  blown  on  a  piece  of  ther- 
mometer-tubing of  rather  large  bore  (about 
1  millim.  internal  diameter),  the  neck  be- 
tween the  bulbs  having  the  same  width  and 
being  as  short  as  practicable;  the  bulbs  being 
weighed,  bisulphide  was  introduced  through 
a  very  fine  capillary  tube,  until  the  lower 
bulb  was  filled  at  17°*6.  The  whole  was 
again  weighed.  The  upper  bulb  and  the 
lower  part  of  the  stem  being  filled  with  alcohol,  the  height/ 
was  noted  at  which  the  liquid  stood  at  17°'6.  A  third 
weighing  followed.  On  tilting  and  frequently  inverting,  the 
two  could  be  perfectly  mixed.  When  brought  again  to  17°- 6, 
the  height  ff  was  observed.     The  volume  of  the  capillary  from 
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/  to  ^  is  got  bj  measuring  the  length,  and  weighing  a  oolamn 
of  mercoiy  which  has  a  length  (exactly  measared)  of  about  the 
length/-^. 

Actual  weight  of  bisulphide    •     •     1*8180  gram. 

99  yf         alcohol    .     .    •    1*9856     „ 

Reduced  expansion  (at  17^*6)      .    0*02912  cub.  cent. 

This  gives  an  expansion  of  0*007405  of  the  original  joint 
Yolume.  The  method  is  seen  to  be  one  capable  of  extreme 
accuracjy  and  is,  I  think^  though  more  laborious,  preferable 
to  a  specific-gravity  method^  because  the  temperature  is  better 
under  control.  This  individual  result  has,  however,  no 
special  numerical  significance,  because  the  two  liquids  are 
not  in  any  simple  relationship  by  weight  or  volume,  and 
because,  as  we  should  expect  and  as  we  shall  see  is  the  case 
(§  271),  the  ratio  of  change  of  volume  depends  upon  the  ratio 
of  the  constituents. 

It  is  important  to  note  that  the  increase  in  volume  here 
observed  is  accompanied  by  a  fall  in  temperature,  which  at 
first,  and  until  the  temperature  is  recovered,  tends  to  reduce 
the  volume.  This,  the  natural  corollary  of  expansion,  will  be 
examined  later. 

§  265.  Alcohol  and  bisulphide  of  carbon  mix  with  one 
another  in  all  proportions  at  all  temperatures  between  0^  and 
100°  C.  This  fact  does  not  seem  to  be  generally  known, 
the  reason  perhaps  being  that  a  very  small  quantity  of  water 
prevents  the  perfect  mixture  taking  place  between  some  pro- 
portions of  the  nominal  constituents.  The  examination  of  the 
simultaneous  reciprocal  solubilities  of  the  three  bodies  alcohol, 
bisulphide,  and  water  would  be  a  fascinating  inquiry,  but  a 
very  onerous  one;  for  many  thousand  experiments  would 
have  to  be  performed  in  order  to  trace  the  efiect  of  even  a 
few  variations  in  temperature  and  in  the  threefold  ratio. 
Moreover,  the  complication  would  be  much  further  increased 
by  the  chemical  attitude  between  alcohol  and  water. 

§  266.  I  made  nine  mixtures  of  alcohol  and  bisulphide  con* 
taining  the  two  liquids  in  different  ratios.  The  liquids  were 
weighed  in  tubes  closed  at  one  end,  and  having  capillary  necks, 
which  were  then  sealed  off.  These  solutions,  when  used, 
were  transferred  to  open  tubes,  which  were  then  cooled  in  an 
ordinary  ice-salt  cryogen  with  the  following  results. 


Digiti 


zed  by  Google 


VOLUME  CHAMQBS  ATTBKDING  MIXTURE. 


259 


Table  LX. 
Separation  of  Alcohol  and  Bisulphide  of  Carbon  by  Cold. 


Per  cent,  of 

Per  cent  of 

Temperature  at  which 

bisalpliide. 

aloohoL 

separation  begins. 

94-94 

5-06 

Bemains  clear  down  to  ~  18^*4. 

89-54 

10-46 

Becomes  turbid  at -140-4. 

84-89 

1511 

-15°-9. 

79-96 

2004 

-160-1. 

65-11 

34-89 

-170-7. 

59-58 

40-42  1 

49-91 
39-96 

60-09 
6O04 

Bemains  clear  down  to  »20^. 

29-92 

70-08  J 

In  these  experiments,  as  the  thermometer  sinks  it  is  noticed 
thai  at  several  degrees  above  that  at  which  separation  begins 
the  liquid  becoities  opalescent,  or  rather  flaorescent;  for  in 
this  state  it  is  still  perfectly  transparent,  and  colours  the 
transmitted  light  of  a  light  orange -yellow.  It  is  pale  blue  by 
the  fluoresced  light.  On  reaching  the  critical  temperature  of 
true  turbidity,  the  change  is  abrupt.  At  only  the  fraction  of 
a  degree  lower  the  liquid  divides  into  two  with  surprising 
suddenness  and  precision.  In  the  case  of  the  79'96-per-cent. 
mixture  the  volumes  of  the  two  separated  liquids  are  about 
equal  at  —17°,  although  at  —15°  only  the  above-mentioned 
fluorescence  betrays  the  impending  change.  The  suddenness 
of  the  change  argaes  that  the  quantity  of  heat  lost  during 
the  change  is  inconsiderable.  Again,  on  removing  from  the 
freezing-mixture  and  shaking  up,  I  have  not  been  able  to 
detect  anything  like  a  stationary  thermometer  during  remix- 
ture,  although  all  analogy  shows  that  there  must  be  a  tendency 
that  way.  Indeed  the  phenomenon  closely  resembles  that 
described  in  §§  238-241a  attending  the  decomposition  of  an 
aqueous  solution  of  triethylamine.  But  it  is  here  presented 
with  a  falling  thermometer,  there  with  a  rising  one.  Here  it 
resembles  the  separation  of  a  solid  salt  containing  water  of 
crystallization  from  an  aqueous  solution  which  still  retains 
some :  there  it  was  due  to  the  decomposition  by  heat  of  a 
subcryohydrate.  Here  the  original  mixing  absorbed  heat,  as 
when  a  salt  dissolves  in  water  :  there  it  liberated  heat.  Here 
such  mixing  gained  volume:  there  it  lost  volume.  The  one 
case  is,  as  it  were,  a  real  image  of  the  other,  and  inverted, 
Wause  real. 
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Onlj  snch  a  little  bit  of  this  behavionr  is  revealed  by  an 
ice-salt  cryogen  that  it  woald  be  almost  useless  to  draw  its 
curve  from  these  four  points.  Laid  out  in  percentages  of 
alcohol  from  left  to  right,  it  seems  as  though  its  shape  would 
be  like  that  of  the  reflexion  in  the  axis  of  percentages  of  the 
curve  of  diethylamine  and  water  (fig.  2). 

Alcoliol,  Bisulphide  of  Carbon^  Amyleney  EtheVy  Chloroform^ 

and  Benzol. 
§  267.  Perhaps  we  may  take  the  relationship  between  alcohol 
and  bisulphide  of  carbon  as  being  typical  of  such  a  rela* 
tionship  as  resembles  the  solution  of  nitre  in  watef,  or  of  fused 


Rg,4. 


nitre  in  fused  nitrate  of  sodium  (§  220)  (which 
results  in  expansion  of  the  solidified  alloy), 
or,  lastly,  the  solubility  of  fused  nitre  in  water 
under  pressure  (§  252) .  The  method  of  experi- 
menting adopted  reveals,  however,  somewhat 
unexpected  relationships  between  other  liquids, 
which  relationships  are  of  a  more  chemical 
character.  Many  chemists  have  of  late  years 
made  great  use  of  the  term  '^  saturation,^'  and 
the  expression  has  been  of  some  real  service. 
But  its  unguarded  use  has,  I  venture  to  say, 
given  rise  to  some  misconception.  The  word 
itself  certainly  conveys  something  absolute 
and  complete;  and  it  is  undoubtedly  intended 
to  convey  such  an  idea,  especially  when  pre- 
fixed by  "  perfect "  or  contrasted  with  **  par- 
tial." It  is  only  necessary  to  revert  to  the 
types  of  physical  saturation  upon  which  the 
analogies  of  chemical  saturation  are  based,  to 
show  that  such  condition  is  relative  and  not 
absolute.  Chemical  saturation  is  not  a  remote 
analogue  of  electric  neutrality,  and  the  latter 
is  clearly  relative. 

§  268.  Two  or  three  tubes  were  made, 
similar  in  principle  to  that  of  fig.  3,  but  of 
more  general  use  (fig.  4) .  In  one  of  these 
the  lower  and  upper  bulbs  (up  to  a  subse* 
quently  marked  point  on  the  stem)  were  of  absolutely  the 


Digiti 


zed  by  Google 


VOLUME  CHANGKS  ATTENDING  MIXTURE.        261 

same  capacity  (between  3  and  4  cub.  cent.).  In  the  second 
the  lower  bnlb  was  several  times  as  big  as  the  npper.  Bj 
adding  weighed  quantities  of  inercniy  to  the  lower  balb,  the 
ratio  of  contents  could  be  changed  at  will. 

In  order  to  give  an  idea  of  the  absolute  and  relative  dimen- 
siouBj  1  may  state  that  in  one  of  the  tubes  the  exact  capacity 
of  a  and  bf  at  17^*6  was  3*3777  c.  c,  the  total  volume  upon 
which  the  expansion  or  contraction  took  place  being  there- 
fore 6'7554  c.  c.  The  mean  volume  of  1  millim.  of  the  capil- 
lary tube  about  /was  0*00140183  c.  c;  so  that  1  millim.  on 
the  capillary  meant  0*00020737  of  the  joint  liquid  volumes. 
Afl  the  readings  could  be  made  by  meansof  acathetometer*  to 
within  0*2  millim.,  I  imagine  that  the  numerical  results  are 
strict  to  the  fifth  decimal  place.  The  only  other  sources  of 
error  appear  to  be  the  mixing  of  the  liquids  during  the  filling 
of  the  npper  bulb  and  capillary.  The  filling  of  both  bulbs  is 
effected  by  means  of  a  funnel-capillary,  which  reaches  about 
halfway  down  into  the  bulb  which  has  to  be  filled.  Acci- 
dental soiling  of  the  tube  is  removed  by  a  thin  German-silver 
cotton-covered  wire. 

In  the  following  Table  equal  volumes  at  17^*6  of  the  liquids 
enumerated  were  taken.  There  is  in  every  case  an  expansion 
marked  +,  or  a  contraction  marked  —  •  Before  these  signs 
is  Hy  Cy  or  according  as  heat  is  liberated  or  absorbed.  Imme- 
diately beneath  these  signs  is  the  amount  of  contraction  upon 
one  volume  of  the  original  liquids  taken  jointly  (before  mix- 
ture). Below  these  is  the  temperature  to  which  the  altered 
volume  has  to  be  brought  in  order  to  restore  it  to  the  original 
(joint)  volume. 

The  experimental  errors  appear  here  to  be  entirely  due  <o 
(1)  the  difiusion  during  the  second  filling  of  ihe  two  liquids 
against  gravity,  an  operation  which  lasts  about  15  minutes, 
and  (2)  the  imperfect  purity  of  the  substances.  The  first  of 
these  is  quite  negligible,  as  the  common  surface  is  only  about 
1  square  millimetre,  while  the  volumes  are  over  3  cubic  centi- 
metres. 

*  Designed  and  made  by  the  ''Cambridge  Scientific  Inatrument  Company. " 
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Table  LXI. 
Equal  Volumes  at  17**-6. 


Alcohol. 

Ether. 

Bisulphide 
of  Carbon. 

Amjlene. 

Chloroform. 

Beniol 

Alcohol 

0 

•006894 
2305 

c+ 

•007278 
11° 

? 

•002488 
190-75 

-      C+ 
•OO0S488 

ir-42 

Ether 

0 

0+ 
•001556 
160-5 

H- 

•0004977 
18°l 

•0108869 
250-8 

H- 
•OO346306 

20°4 

Bisulphideof 

J 

0 

C-h 

•003U055 

15°-06 

0+ 

•00688468 
ll°-7 

0+ 

•0069469 

IFl 

Amylene    ... 



»  1 

H- 

•0015138 

19°1 

C+ 
-0010783 

le^-e 

Chloroform  . 



0 

•OOIKS® 
16^ 

Benxol   



0 

In  taking  the  tube  out  of  its  bath  it  is  tilted,  bulb  upwards, 
BO  as  to  be  at  an  angle  of  about  45°.  Where  the  differences 
of  refractive  index  and  of  density  are  great,  complete  mixture 
seems  to  be  reached  in  five  or  six  reversals  of  a  few  minutes 
each*.  But  in  none  of  the  cases  given  above  were  the 
reversals  less  than  20  in  number  nor  of  less  duration  than  10 
minutes  each^  nor  was  the  manipulation  stopped  before  trial 
showed  that  constancy  of  volume  had  been  reached.  Each 
experiment  from  first  to  last  takes  about  five  hours.  The  open 
end  of  the  capillary  may  I)e  stopped  by  a  short  piece  of  caout* 
chouc-tubing  containing  a  glass  plug. 

*  In  making  such  experiments  as  these,  the  question  preaeuts  itself— 
If  two  colourless  (or  sixnilarlj  coloured)  liquids  have  the  same  refractive 
index,  how  shall  we  know  whether  they  are  mixed  or  not  ?  And  if, 
therewith,  they  have  the  same  density,  how  does  their  emulsion  differ 
at  all  from  their  mixture  P  It  is^  indeed,  unlikely  that  any  two  liquids 
have  the  same  refractive  indices  or  the  same  density  at  more  than  one 
temperature.  And  that  they  should  have  hoth  refractive  index  and  density 
alike  at  more  than  one  temperature  involves  an  improbahility  of  a  higher 
order.  Apart  from  this,  however,  it  is  likely  that  the  skin  of  a  liquid  has 
a  di&ient  (higher)  density  and  a  higher  reflective  index  than  the  mass  of 
the  same  liquid.    (F.  G.,  Phil.  Mag.  November  1883.) 
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§  269.  Betorning  to  Table  LXI.,  a  cloud  of  ideas  suggest 
themselves.  The  results  are  obtained  on  equal  volumes  at  an 
arbitrary  temperature  17^*6  both  before  and  after  mixture. 
Wherever  there  is  gain  of  volume,  there  is  absorption  of  heat, 
cold,  diminished  heat-tension  (C).  Wherever  there  is  loss  of 
volume,  there  is  liberation  of  heat,  heating,  increased  heat* 
tension  (H).  These  thermal  effects  are  onlj  given  qualita* 
tively  in  the  Table,  and  were  actually  obtained  in  a  second 
series  of  experiments  made  as  follows.  Equal  volumes  of  the 
two  liquids  were  run  from  burettes  into  two  test-tubes  of  thin 
glass,  one  of  about  twice  the  capacity  of  the  other.  The  nar- 
rower was  put  inside  the  wider,  and  both  put  into  water  at 
17°*6.  After  sufficient  standing,  a  thermometer  in  the  inner 
liquid  marks  nearly  the  same  temperature.  The  tubes  are 
removed  from  the  water  and  wiped,  the  inner  one  broken 
through  at  the  bottom  and  used  as  a  stirrer. 

Let  us  consider,  now,  two  of  these  cases'  more  exactly,  in 
one  of  which  there  is  heat  and  contraction,  in  the  other  cold 
and  expansion. 

Ether  and  Chloroform. 

Maanmum  Rise  of  Temperature. 
§  270.  The  liquids  were  weighed  instead  of  being  measured; 
otherwise  they  were  treated  as  in  §  269,  with  the  exception 
that  two  experiments  were  made  in  each  case  ;  in  the  second 
experiment  the  thermometer-bulb  was  brought  to  the  tempe- 
rature shown  in  the  first  experiment  before  being  used. 

TablU  LXII. 

Showing  Rise  of  Temperature  from  17°'6  on  mixing  Ether 

and  Chloroform  in  different  proportions  by  weight. 


Ether. 


Chloroform. 


Biae  in  temperature. 


Per.  cent 
1        or  33-33 

1  ,.  6O00 
1-616  „  61-8 

2  „  «6-66 
8  „  75-00 
4         M  8O00 


do 
no 

109 
9-6 


As  we  are  here  merely  searching  for  a  maximum,  we  may 
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neglect  certain  effects  which  would  be  of  the  utmost  import- 
ance  under  other  circumstances.  Thus  the  specific  heat  of 
none  of  the  liquids  is  the  same,  and  each  rise  of  temperature 
given  is  weighted  with  the  specific  heat  of  the  liquid  in  which 
it  takes  place.  But  I  believe  I  am  right  in  assuming  that 
this  effect  would  not  in  this  instance  materially  shift  the  place 
of  the  maximum,  although  it  would  alter  everv  one  of  the 
individual  numbers,  and  that  not  in  the  same  proportion. 
The  curve,  fig.  5,  shows  the  relationship  of  increased  heat- 
Fig.  6. 
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tension  to  the  proportions  of  chloroform  and  ether  by  weight 
by  which  it  is  caused. 

From  these  six  experiments,  therefore,  we  find  that  the 
greatest  change  (rise)  of  temperature  takes  place  when  the 
liquids  are  in  the  proportion  of  1  ether  to  1'615  of  chloroform 
by  weight,  which  is  the  proportion  of  C4H,oO  to  CHCI3. 

§  271.  This  method  of  experimentation,  however,  does  not 
allow  of  such  great  accuracy  as  the  method  of  change  of 
volume.  If  it  be  found  that  the  greatest  change  of  volnme 
takes  place  when  these  weight-ratios  (1  ether  to  1'615  of  chlo- 
rofonn)  are  mixed,  and  that  a  very  small  change  of  ratio 
either  way  diminishes  the  change  of  volume,  this  evidence 
wilFbe  much  strengthened  towards  the  conclusion  that  thd 
relationship  is  indeed  between  molecule  and  molecule. 
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Taking,  therefore,  the  tube  like  A  (fig.  3),  haying  equal 
bulbs  of  3-2325  c.  c,  I  put  9*304  grams  of  mercarj  into  the 
lower  bulb.  This  reduced  the  capacity  of  the  lower  bulb 
0-693  c  c,  bringing  it  to  2-5390,  the  upper  bulb  by  3-2325. 
They  are  in  the  ratio  of  1*380  to  1*084,  which,  again,  are  in 
the  ratio  of  the  molecular  volumes  (molecular  weights  divided 
by  specific  gravities)  of  the  two  liquids.  The  ratio-value  of  the 
capacity  of  the  calibrated  capillary-stem  has  now,  of  course, 
to  be  taken  upon  a  lesser  total  volume — namely,  upon  5*7715 
instead  of  upon  6*4650.  The  first  quantities  of  chloroform 
added  should  be  shaken  and  warmed  with  the  mercury,  so  as 
to  displace  the  film  of  air  between  the  mercury  and  the  glass, 
or  some  dissolved  gas.  If  this  is  not  done  before  the  ether  is 
added,  air-bubbles  arise  when  the  two  are  mixed,  and  vitiate 
the  readings. 

The  result  for  equimolecular  volume  at  17^6  is  0*0116756: 
chloroform  1,  ether  1*2731. 

Instead  of  9*304, 1  now  introduced  only  9*0  grams  of  mer- 
cury ;  this  reduced  the  lower  bulb  2*5699  c.  c,  and  the  two 
together  to  5*8024;  the  volume-ratio  between  the  two  being 
1  chloroform  to  1*258  ether.  The  shrinkage  on  the  new 
volume  was  0*0114783. 

Next  I  introduced  9*6  grams  of  mercary.  This  reduced 
the  lower  bulb  to  2*5241  c.  c,  and  the  two  together  to  5*7566. 
The  volume-ratio  between  the  two  is  now  1  chloroform  to 
1*2806  ether.  The  shrinkage  on  the  new  volume  was 
0015706. 

Table  LXIII. 


VOLUMBS. 

On  being  mixed  and  brought 
to  the  same  temperature 
(17°-6)    which    thcgr  had 
before  mixture,  ihrink  to 
the  beloir-giTen  fraction  of 
the  joint  Toluroe  they  had 
before  mixture. 

Ohloroform. 

Bther. 

Percent. 
60K)0 
44-29 
43-99 
43-83 

Percent 
50-00 
6671 
66-01 
6617 

•0108869 

•0114783 

•0116766  (O^HioO.  CHOI,) 

^116706 

VOL.  VI. 
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The  table  shows  the  great  accuracy  of  which  this  method 
is  capable,  and  discovers  a  maximani  contraction  exceedingly 
close  to,  if  not  at,  the  mononiolecular  ratio  ;  thus  confinniDg 
the  resnlt  got  by  the  cruder  method  of  increased  heat-tension, 
§  270. 

The  liquid  solidifies  to  a  white  crystalline  mass  at  a  constant 
temperature  below  0*^,  which  I  shall  give  when  I  have  deter- 
mined it  ex«actly. 

It  seems,  then,  that  ether  and  chloroform  unite  chemi- 
cally with  one  another  to  form  the  body  C4H10O,  CHCli, 
a  substance  which  may  be  analogous  in  its  composition  with 
S3Cl4  2(C4HioO). 

Vapour^tension  of  Chloroform  and  Ether  Mixtures. 

§  272.  The  result  of  .the  experiments  given  above  will  make 
it  imperative  to  revise  previous  ideas  about  the  vapour-tension 
of  mixed  liquids.  Tlie  following  experiments  with  ether  and 
chloroform  show  how  the  vapour-tension  varies  with  the  com- 
position. The  absolutely  pure  and  dry  substances  were  mixed  in 
various  proportion.H  by  weight,  and  each  mixture  was  introduced 
into  one  of  a  series  of  perfect  barometers  in  a  room  of  uniform 
temperature.  The  barometers  stood  in  the  same  trough  dose 
together.  The  readings  were  made  with  a  cathetometer  at  a 
distance  of  nine  feet.  The  readings  were  made  backwards 
and  forwards  through  the  series  three  times.  The  atmospheric 
pressure  was  made  constant  by  adjusting  the  mercury  in  the 
trough.  About  five  grams  of  the  liquid  were  introduced  into 
each  tube,  and  in  all  cases  enough,  at  shown  by  a  rough  mea- 
surement and  calculation,  to  ensure  there  being  far  more  than 
sufficient  of  each  kind  of  liquid  to  supersaturate.  After  deter- 
mining the  mercurial  depression,  the  liquid  columns  above  the 
mercury  were  measured,  and  their  specific  gravities  assumed 
to  be  those  due  to  mixture  without  change  of  volume.  This 
is  not  quite  true  (see  §  268).  Further,  it  is  assumed  that  the 
liquid  has  the  same  composition  before  as  after  its  introduc- 
tion into  the  tube.  This,  also,  is  not  quite  exact.  Neither  of 
these  errors  has  been  taken  into  account  in  the  following 
Table ;  for  they  are  both  of  them  negligible  in  comparison  with 
the  numerical  data  sought. 
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Table  LXIV. 

Vapour-tensions  of  Mixtures  of  Chloroform  and  Ether. 
T=19''-02. 


« 

Ohloroform,  per  cent, 
by  weight. 

Ether, 
per  cent, 
by  weight. 

Mercurial 
depreeaion. 

Liquid 

above 

mercury. 

Vapour- ten- 
sion in  milLim 
of  mercury  at 
19°02. 

100 

0 

2000 

840 

190-7 

90 

10 

2a5-2 

87-2 

I960 

80 

20 

2-i2'3 

106-6 

211-7 

70 

30 

236-2 

104-0 

226-4 

63 

37 

340-2 

79-2 

2331 

(O^HioO.OHCl,)  61-76 

38-24 

2439 

86-0 

236-4 

60 

40 

248-5 

81-2 

241-4 

50 

ho 

285-0 

83-3 

278-2 

40 

60 

318-7 

85-2 

312-2 

30 

70 

349-8 

77-5 

344-8 

20 

80 

3832 

81-8 

377-9 

10 

90 

4138 

83-9 

408-8 

0 

100 

4426 

900 

437-8 

§  273.  The  increase  of  vapour-tension  as  the  proportion  of 
ether  increases  is  therefore  continuous,  but  by  no  means 
regular.  There  is  in  the  neighbourhood  of  the  monoinolecular 
ratio  a  diminution  in  the  rate  of  increase  ;  but  immediately 
this  region  is  past,  the  curve  becomes  rectilinear.  As  the: 
barometer-tubes  stand  side  by  side  in  a  row,  they  present  a  very, 
interesting  appearance,  as  the  mercurial  levels  form  a  curve, 
closely  similar  to  that  in  fig.  6,  A  (p.  271)  turned  upside  down. 
Guided  by  heat-development  and  shrinkage,  we  have  there- 
fore detected  the  existence  of  C4H10O,  CHCI3,  and  showed  that 
the  vapour-tension  confirmed  the  existence  of  this  body.  Are 
we,  then,  to  assume  that  in  every  case  in  Table  LXT.  whera 
there  is  heat-development  and  shrinkage,  there  is  also  true 
chemical  union  ?  Reluctant  as  some  may  be  to  admit  to  the 
title  of  chemical  compounds  a  class  of  bodies  which  probably 
numbers  many  thousands,  there  seems  no  help  for  it.  There 
can  be  but  little  doubt,  for  instance,  that  ether  unites  with 
alcohol  and  benzol,  that  chloroform  unites  with  alcohol  and  with 
amylene,  and  so  on.  The  experiments  necessary  for  the  proof 
of  this  assertion  will  be  laborious,  and  will  require  such  care 
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and  conoentration  that  I  most  again  invite  other  workers  into 
this  fertile  field.  There  is,  howeyer,  one  point  which  may  be 
here  noted.  Two  elements  may  unite  to  complete  sataration 
in  respect  of  one  another,  jet  the  molecnles  so  formed  maj 
be  quite  prepared  to  nnite  as  a  whole  with  another  atom  or 
molecule  (compare  §  267). 

§  274.  The  contraction  and  heating  attending  the  mixing 
of  alcohol  and  water  have  been  long  known.  When,  in  §  98, 
I  described  the  solid  combination  of  the  two,  C9E[«0,4HsO, 
and  called  it  a  cryohydrate  (I  should  now  call  it  a  sub- 
cryohydrate),  I  did  not  suppose  that  it  was  only  one  of  so 
numerous  a  family  as  appears  to  be  the  case.  In  §  104  was 
briefly  described  a  combination  of  ether  with  water.  I  may 
here  mention  the  circumstance  that  equal  Tolumes  of  the  two, 
when  shaken  together  at  17^*1,  rise  in  temperature  to  18^*9. 
Equal  volumes  brought  together  at  17^*6  in  the  experimental 
tube  of  §  268,  and  agitated  by  a  globule  of  mercury  being 
made  to  pass  to  and  fro  throuj^  the  capillary  opening,  con- 
tract 0*005436  of  their  joint  volume,  and  require  to  be 
heated  to  regain  that  volume.  This  contraction  is  probaUy 
very  far  from  the  maximum,  as  there  is  no  doubt  a  large 
quantity  of  passive  matter  present.  For  the  same  reason, 
tiie  maximum  liberation  of  heat  will  probably  be  found  with 
a  less  water-ratio.  Where  the  maximum  heat-liberation 
occurs  we  should  look  for  the  subcryohydrate,  and  there  also 
for  the  maximnm  contraction. 

Vapour-tensioiis  of  Miatures  of  Bisulphide  of  Carbon  and 

Ether. 

§  275.  Taking  next  an  instance  where  exjMinsion  and  cold 
result  from  mixture,  I  give  at  once  the  numerical  results  as 
to  the  vapour-tensions  of  the  various  mixtures.- 
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Table  LXV. 

Yaponr-tensions  of  Mixtures  of  Bisulphide  of  Carbon  and  Etber. 

T= 18^-88  0. 


Bisulphide 
of  Carbon* 
percent. 
hj  weight. 

Ether. 
per  cent. 
by  weight 

Mercurial 
depression, 
in  millim. 

Liquid 

aboYC 

mercury, 

in  millim. 

Vapour-tension, 
in  millim. 
of  mercury, 
at  190-02. 

100 

0 

291-9 

78-1 

284-5 

90 

10 

363-3 

775 

346-3 

80 

20 

380-8 

75-0 

374-3 

70 

SO 

4041 

82-8 

387-3 

60 

40 

416-5 

81-2 

4101 

60 

50 

425-2 

m-0 

419-3 

40 

<M) 

441-0 

90-9 

4246 

30 

70 

434-8 

750 

429-8 

20 

80 

4381 

834 

4330 

10 

90 

437-2 

817 

432-5 

0 

100 

4365 

81-7 

432-1 

Specific  gravity  of  ether,  0*72  ;  of  bisulphide  of  carbon,  1*23. 

§  276.  Laid  ont  graphically  we  get  accordingly  the  curve  B, 
fig.  6.  Perhaps  the  most  notable  character  of  this  curve  is 
its  descent  at  ttie  upper  right  end.  This  means  that,  although 
bisulphide  of  carbon  has  a  lower  vapour-tension  than  ether,  a 
little  bisulphide  loosens  the  ether  and  raises  the  vapour-tension. 
The  efiect  on  the  vapour-tension  of  the  liquid  brought  about 
by  the  addition  of  a  little  ether  to  the  bisulphide  is  much  more 
marked. 

Vapour^tensions  of  Mixtures  of  Cldoro/orm  and  Bisulphide 
of  Carbon. 

§  277.  Referring  again  to  Table  LXI.  it  is  seen  that,  with 
whatever  of  the  liquids  there  examined  bisulphide  of  carbon 
is  mixed,  expansion  occurs  and  the  temperature  is  lowered. 
With  chloroform  these  results  are  very  marked ;  and  having 
examined  the  relationship  between  bisulphide  and  ether  and 
between  chloroform  and  ether,  let  me  describe  the  relationship 
between  chloroform  and  bisulphide  of  carbon. 
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Table  LXVI.  a. 

Vapour-tensions  of  Mixtures  of  Chloroform  and  Bisulphide 

of  Carbon.     T=  16^-0  C. 


Ohloroforra, 

Bisulphide 
of  Carbon, 

Mercurial 

Liquid 
abore 

Yapour-teneion, 
in  millim. 

percent 
l^  weight. 

per  cent, 
by  weight. 

depression, 
in  millim. 

mercury, 
in  millim. 

of  mercury, 
at  16^. 

0 

100 

2699 

531 

264-8 

3 

97 

271-8 

58-2 

266-2 

5 

95 

277-5 

749 

270-4 

10 

90 

271-6 

57-8 

266-1 

15 

85 

272-3 

56-2 

266-8 

20 

80 

273-0 

619 

266-9 

30 

70 

270-7 

70-7 

263-7 

40 

60 

265-8 

60-2 

259-7 

50 

50 

260-3 

613 

2540 

60 

40 

249-6 

560 

243-7 

70 

30 

2410 

60-0 

234-6 

80 

20 

227-9 

60-5 

221-4 

90 

10 

215-4 

80-8 

206« 

100 

0 

1762 

64-6 

169-2 

Spec.  grav.  of  bisulphide  of  carbon,  1*23 ;  of  chloroform,  1-49. 
§  278.  On  laying  these  numbers  out  graphicallj,  the  curve 
C,  fig.  6,  presents  itself.  Although  we  are  dealing  here  with 
millimetres,  the  shape  of  the  curve  towards  pure  bisulphide 
of  carbon  required  confirmation.  I  therefore  employed  m 
temperature  of  nearly  2^  C.  lower  ;  and  having  prepared  fredb 
examples  of  the  liquids  with  equal  care,  and  having  changed 
the  barometer-tubes,  I  found  : — 

Table  LXVI.  ft. 
Vapour-tensions  of  Mixtures  of  Chloroform  and  Bisulphide  • 
of  Carbon.     T=13°-8C. 


Chloroform, 
per  cent, 
by  weight 

Bisulphide 

of  Carbon, 

per  cent. 

by  weight. 

Mercurial 
depre«aion, 
in  millim. 

Liquid 

above 

mercury, 

in  millim. 

Yapoux^tenaioii, 

m  millim. 

of  mereorr, 

at  13^-a 

0 
5 
10 
15 
20 
SO 
40 
50 
60 
70 
80 
90 
100 

100 
95 
90 
85 
80 
70 
60 
50 
40 
30 
20 
10 
0 

259-5 
266-0 
2603 
258-5 
255-6 
252-5 
2480 
243-5 
2361 
220-3 
210-7 
1991 
170-0 

830 
108-1 
91-0 
85-2 
70-9 
70-9 
73-3 
83-0 
78-2 
59-5 
765 
78-1 
113-2 

251-6 
255-7 
251-6 
2503 
248-6 
245-4 
240-6 
2350 
227-8 
214-0 
202-3 
190-4 
158-4 

Spec.  grav.  of  bisulphide  of  carbon,  1*23 ;  of  chloroform,  1*49. 
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Fig.  6.  Fijf.  7. 
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The  result  seems,  then,  to  be  this  :  The  vapour-tension  of 
bisulphide  of  carbon  at  16*^-0  is  264' 8  millim.,  at  13°-8  it  is 
251*6  millim.,  both  referred  to  mercury  at  those  temperatures. 
Of  chloroform  the  vapour-tensions  at  these  two  temperatures, 
also  referred  to  mercury  at  the  same  temperature,  are  169'2 
and  158*4.  A  very  great  increase  of  the  vapour-tension  is 
brought  about  by  mixing  a  very  little  bisulphide  witli  the 
chloroform  ;  a  little  rise  is  brought  about  by  mixing  a  little 
chloroform  with  the  bisulphide.  The  graphic  interpretations 
of  the  two  Tables  LXVI.  a  and  LXVI.  h  are  shown  in  curves 
C  and  D,  fig.  6. 

§  279.  If  we  could  find  two  liquids  showing  neither  con- 
traction nor  expansion  when  mixed,  and  neither  liberating 
nor  absorbing  heat,  the  vapoui^tension  of  a  mixture  of  such 
liquids  should  be  expressed  by  the  equation 

where  generally  vU  means  the  vapour-tension  of  the  liquid  «, 
and  where  a  and  b  are  the  liquids  and  m  and  n  their  respective 
masses.  The  vapour-tension  curve  would  be  a  straight  line 
joining  the  vapour-tensions  of  the  constituents.  The  maximum 
departure  from  this  straight  line  on  the  curves  in  fig.  6  gives 
us  the  maximum  interference.  This,  in  tlie  case  of  chloroform 
and  ether,  is  at  the  monomolecular  ratio.  Now,  if  we  seardi 
the  curve  of  mixtures  containing  bisulphide  of  carbon,  we  find 
there  also  a  maximum  departure  from  the  mean  at  a  certain 
ratio.  In  the  case  of  bisulphide  of  carbon  and  ether  this  is  at 
30  or  35  per  cent,  of  the  ether  (say  32*5).  This  implies  that 
the  maximum  departure  from  the  mean  takes  place  where 
1  molecule  of  ether  (C4H10O)  is  mixed  with  2*02  molecules 
(say  2  molecules)  of  GS,.  At  this  ratio  we  may  suppose 
there  to  be  no  indifierent  or  inert  matter.  If  we  consider 
chemical  union  to  be  due  to  an  action  of  attraction,  and  regard 
the  maximum  thermal  or  volume  efiects  as  taking  place  when 
there  is  no  superfluity  of  either  constituent,  so  here  we  have  an 
equally  distinct  molecular  ratio,  and  an  absolutely  definite  one 
(at  all  events  at  a  given  temperature),  where  a  sort  of  anti- 
union takes  place — ^a  maximum  efiect  of  repulsion.  This  is  a 
state  of  things  for  which  some  new  nomenclature  may  be 
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necessary.  There  may  be  as  many  antioombinations  as 
there  are  combinations  ;  and  the  former  may  be  quite  as 
definite  in  weight-ratio  as  the  latter.  The  essentia!  difference 
is  that^  while  attraction  may  result  in  the  production  of  new 
stnffs,  the  latter  has  the  locally  opposite  action. 

Again,  with  chloroform  and  bisulphide  the  maximum  de- 
parture from  the  mean  is  at  40  per  cent,  bisulphide.  This 
signifies  1  molecule  chloroform  to  1*05  molecule  bisulphide. 
I  therefore  submit  these  formulae — 

C4H10O  -• 20S„ 


CHOI, 


OS,. 


What  is  the  relatire  nature  of  the  bodies  which  should  give 
a  straight  line  on  the  vapour-tension  curve  of  their  various 
mixtures?  Such  may  probably  be  found  amongst  hydro- 
carbons. I  find  that  when  equal  volumes  of  ethylic  and 
amylic  alcohols  are  mixed  at  13^*9,  the  temperature  rises  to 
15°*1,  implying  the  formation  of  a  species  of  double  alcohol. 
Referring  to  Table  LXI.  (§  268)  and  to  the  few  representative 
bodies  thera  considered,  we  find  that  amylene  and  alcohol 
are  almost  without  volume-change. 

An  examination  of  the  vapour-tensions  of  their  mixtures 
gave  the  following  numbers  : — 


Table  LXVII. 

Alcohol, 
per  cent. 

Amylenei 
percent 

Mercury. 

L.a 

Sp.gr. 

Cor- 
rection. 

V.-T. 

100 

0 

46-2 

73 

•79 

4-3 

41-9 

90 

10 

1298 

99 

•78 

6-7 

1241 

ao 

20 

232-2 

85 

•76 

4-8 

227-4 

70 

30 

2821 

86 

•76 

4-8 

277-3 

60 

40 

813-9 

90 

•73 

4-9 

809-0 

60 

60 

3290 

98 

•72 

6-3 

323-7 

40 

60 

336-3 

101 

•71 

6-3 

3300 

30 

70 

339-6 

100 

•69 

61 

3346 

20 

80 

3407 

117 

•68 

6-9 

334-8 

10 

90 

3441 

121 

•67 

6-0 

3381 

0 

100 

3620 

112 

•66 

6-6 

366-6 

T=18°'4  C.     Spec.  grav.  of  alcohol,  '79 ;  of  amylene,  -66. 

The  curve  is  seen  in  fig.  7^  E  (p.  271). 

Through  the  favour  of  my  colleague,  Dr.  Hodgkinson,  I 
obtained  some  pure  iodide  and  bromide  of  ethyl.  These  were 
VOL.  VI,  y 
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again  washed;  dried;  and  redistilled.  The  following  Table 
shows  the  vapour-tensions  of  their  mixtures.  They  were 
shielded  from  the  light  when  in  contact  with  the  mercury. 


Table 

LXV 

III. 

Iodide 
of  ethyl. 

Bromide 
of  ethyl. 

Mercury. 

L.C. 

Sp.gp. 

Cor- 
rection. 

V.-T. 

0 

100 

469 

65 

1-40 

6-8 

462-2 

10 

90 

439 

100 

1-46 

10-8 

428-2 

20 

80 

416 

88 

1-60 

9-8 

405-2 

30 

70 

389 

74 

1-66 

8-6 

iiaOA 

40 

tK) 

372 

93 

1-60 

111 

360-9 

60 

60 

343 

87 

1-65 

107 

332-3 

60 

40 

316 

76 

1-70 

9-6 

306-4 

70 

30 

286 

73 

1-76 

9-6 

Jfr6-4 

80 

20 

260 

98 

1-80 

131 

246-9 

90 

10 

227 

88 

1-86 

12-2 

214-8 

100 

0 

172 

62 

1-90 

8-8 

163-2 

T=16°-7  C.     Spec.  grav.  of  bromide,  1-4  ;  of  iodide,  1-9. 

The  curve  F,  fig.  7,  shows  that  the  vapour-tensions  of  the 
mixtures  of  these  two  substances  lie  nearly  in  a  straight  line, 
and  that  the  two  substances  therefore  very  closely  fulfil  the 
condition  of  absolute  non-interference. 
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January  1885. 

XXIII.  On  the  Determination  of  Chemical  Affinity  in  terms  of 
Electromotive  Force, — Part  IX.  ByG.  R.  Alder  Wright, 
D,Se.  {Lond.)f  F.R,S,,  Lecturer  on  Chemistry  and  Physics, 
and  C.  Thompson,  F.C.S.,  Demonstrator  of  Chemistry ^  in 
St.  Mdry^s  Hospital  Medical  School*. 

On  Voltaic  and  Thermovoltaic  Constants. 

164.  The  experiments  described  in  Part  VIILf  show  thkt 
the  difference  in  E.M.F,  between  two  two-fluid  cells  con- 
taining metallic  salts  in  solution,  and  alike  in  all  respects 
save  that  one  of  the  fluids  is  of  difi^rent  degrees  of  con- 
centration in  the  two  cells  respectively,  can  be  readily 
obtained  by  opposing  the  two  cells  to  one  another,  and  mea- 
suring the  current  set  up  through  a  total  resistance  large 
enough  to  reduce  the  current  to  such  an  extent  that  its  den- 
sity, in  reference  to  the  plate-surfaces  in  the  cells,  falls  below 
a  certain  limiting  value  variable  with  the  details  of  the  con- 
struction of  the  cells;  and,  further,  that  the  same  value  is 
obtained  by  means  of  ^' difiusion-cells,"  consisting  of  two 
vessels  containing  respectively  the  two  solutions  of  difierent 
degrees  of  concentration  but  containing  the  same  salt,  united 

•  Road  November  8, 1884. 
t  Ante,  p.  78. 
VOL.  VI.  Z 
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by  a  siphon-tube,  or  constituting  a  "  gravity  "  arrasj 
If  a  be  the  increment  in  E.M.F.  thus  measured,  due  to  a  given 
increase  in  the  strength  of  the  fluid  surrounding  the  plate 
acquiring  the  higher  potential,  and  b  be  the  corresponding 
decrement*  due  to  a  given  increase  io  strength  of  the  other 
fluid,  then  E  and  e,  the  electromotire  forces  of  the  cell  when 
containing  the  two  stronger  and  the  two  weaker  fluids  respec- 
tively, are  related  so  that,  within  experimental-error  limits, 

E  =  «  +  a-&. 

It  follows  from  this  fact,  and  from  the  circumstince  that  in 
many  cases  the  ralues  of  a  and  b  are  considerable  fractions  of 
e,  that  the  great  majority  of  the  valuations  hitherto  made  and 
published  of  the  electromotive  forces  of  various  two-fluid  cells 
cannot  be  properly  compared  with  the  heat-evolutions  due  to 
the  net  chemical  actions  taking  place  in  the  cells  ;  because  no 
accurate  valuations  having  been  made  of  the  strengths  of  the 
solutions  used,  and  the  precise  character  of  the  plate-surfaces 
employed  not  having  been  noted,  the  values  of  the  terms  a 
and  b  cannot  be  calculated  with  precision  so  as  to  enable  the 
values  of  E  to  be  deduced  for  some  given  standard -strength 
of  solution  (e.  g.  for  strength  MSO4  100 11,0,  or  MCI,  100H,O, 
&c.).  Differences  of  several  centivolts,  and  even  decivolts, 
exist  between  the  values  assigned  to  certain  voltaic  combi- 
nations by  different  observers,  mainly  due  to  this  cause. 
Accordingly  it  becomes  necessary  to  repeat  most  of  the  work 
of  previous  experimenters  with  due  regard  to  these  points 
before  comparisons  can  be  satisfactorily  instituted.  A  large 
number  of  cells  have  therefore  been  examined  during  the  last 
four  years,  under  strictly  comparable  conditions,  in  order  to 
obtain  suiBciently  accurate  values  for  the  purpose  of  tracing 
out  the  correlations  subsisting  in  different  cases  between  the 
heat-evolution  due  to  the  net  chemical  change  and  the  maxi- 
mum E.M.F.  actually  developed,  when  so  small  a  current 
flows  as  to  cause  no  appreciable  diminution  by  '^  polarization." 
All  these  observations  completely  confirm  the  conclusions 

*  With  cells  set  up  with  acid  fluids  (e.  g.  dilute  sulphuric  acid)  sur- 
ToundiDg  the  plate  acquiring  the  lower  potential,  increasing  the  strength 
of  the  acid  fluid  not  iufrequently  causes  an  increment,  and  not  a  decre- 
ment, in  the  £  M.F.  of  the  comhination;  e,g,  in  DanieU  cells  (}§  112-114, 
Part  v.). 
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already  arrived  at,  that  Voltd's  laxo  of  summation  liolds  within 
the  limits  of  experimental  error,  and  that  the  effect  of  a  gwen 
alteration  in  the  molecular  strength  of  a  saline  solution  stir- 
rounding  one  of  the  plates  of  a  two-fluid  cell  is  sensibly  indepen* 
dent  of  the  nature  of  the  other  fluid  and.  the  other  plate.  It 
hence  becomes  possible  to  assign  numerical  values  or  constants 
to  given  metals  immersed  in  solutions  of  their  salts  of  given 
nature  and  strength,  such  that  the  E.M.F.  of  a  voltaic  com- 
bination formed  by  combining  two  such  immersed  metals  (by 
allowing  the  two  solutions  to  interdiffuse,  e.  g.  in  a  Baoult  cell 
or  in  a  "  gravity  "  cell)  is  calculable  by  taking  the  difference 
between  the  constants  ;  i.  e*  by  employing  the  formula 

E^Ci— Cg, 
where  E  is  the  E.M.F.  of  the  combination,  and  Ci  and  C3  the 
two  constants  involved,  such  that  if  Ci— Cj  is  of  +  sign  the 
metal  to  which  Ci  applies  acquires  the  higher  potential,  whilst 
if  Ci  — C2  is  of  —  sign  the  metal  to  which  Cs  applies  acquires 
the  higher  potontiaL  For  instance,  if  C3  apply  to  zinc  and  Ci 
to  copper  in  sulphate  solution,  Ci  — C^^  +1-114,  and  copper 
acquires  the  higher  potential ;  whilst  if  Ci  refer  to  magnesium, 
Cj— C3=— '725,  and  zinc  acquires  the  higher  potential. 

165.  The  value  of  the  voltaic  constant  thus  applicable  to  any 
given  metal  is  variable,  within  certain  limits,  with  its  surface- 
conditions  (according  as  bright  fused  metal,  electro-deposited, 
amalgamated,  &c.),  and  also  with  the  nature  and  strength  of 
the  solution  of  its  salt  in  which  it  is  immersed,  and  probably 
also  with  the  temperature,  but  is  independent  of  the  nature  of 
the  other  half  of  <Jie  celU  In  order  to  fix  the  numerical  value 
6ome  convention  must  be  made  as  regards  the  zero  to  be 
adopted  as  starting-point.  For  this  purpose,  and  in  view  of 
the  comparisons  desired  to  be  instituted  between  the  values  of 
Cj— Cf  and  the  heat-evolutions  due  to  the  net  chemical 
actions  taking  place,  the  most  convenient  assumption  appears 
to  be  this  : — that  the  potential  of  an  amalgamated  zinc  plate 
immersed  in  a  solution  of  a  given  salt  of  zinc  of  given  mole- 
cular strength  is  assumed  to  be  zero,  for  the  purpose  of  fixing 
the  numerical  value  of  the  potential  of  a  plate  of  the  metal  to 
be  examined  tolien  immersed  in  an  equally  strong  solution  of  the 
corresponding  salt  of  that  metaly  the  two  solutions  being  allowed 
to  inicrdiffuse  {e.  g,  in  a  "gravity"  cell  or  in  a  "  Raoult'* 

z2 


Digitized  by 


Google 


278  MESSRS.  WRIGHT  AND  THOMPSON  ON  THB 

cell).  For  instance,  when  plates  of  electro-copper  or  cadmiam 
are  respectively  immersed  in  solutions  of  the  sulphates  of  these 
metals,  and  opposed  to  amalgamated  zinc  immersed  in  zino- 
sulphate  solution,  the  molecular  strength  throughout  being 
l'0MSO4  100 HjO,  the  potentials  of  the  copper  and  cadmiam 
plates  are  respectively  +1*1 14  and  +'360  volt  higher  than 
the  potential  of  the  zinc  plate;  which  values  are  accordingly 
the  "voltaic  constants"  for  electro-copper  in  l*0CuS04 
lOOHjO,  and  for  electro-cadmium  in  lOCdSO*  100H,0 
respectively:  whence  it  results  that  the  E.M.F.  of  a  cell  set 
up  with  electro-copper  and  electro-cadmium  plates  and  solu- 
tions of  the  sulphates  of  these  metals  of  molecular  strength 
l-0MSO4l00H,Owillbe 

E  =  Ci-C,=1114--360=-754, 
which  in  point  of  fact  is  the  case.  On  the  other  hand,  when 
magnesium  is  opposed  in  the  same  way  to  zinc  in  sulphate 
solutions  of  strength  l*0MSO4  100 HgO,  the  former  metal 
acquires  a  potential  lower  by  *725  volt  than  that  of  the  latter; 
whence  it  results  that  — *725  is  the  voltaic  constant  for  mag- 
nesium in  sulphate  solution  of  this  strength ;  wherefore  the 
potential  di£Perence  set  up  between  magnesium  and  copper  in 
sulphate  solutions  of  this  strength  will  be  1'114— (— -725)= 
1*839  volt,  which  in  practice  is  found  to  be  the  case.  Evi- 
dently Volta's  law  of  summation  is  involved  in  the  proposition 
that  the  E.M.F.  of  a  voltaic  combination  is  the  algebraic  dif- 
ference between  the  values  of  the  voltaic  constants  as  thus 
defined. 

K  the  value  of  a  given  voltaic  constant  applying  to  a  given 
metal  immersed  in  a  solution  of  one  of  its  salts  of  given 
strength  be  known,  that  for  any  other  given  strength  is  readily- 
calculable  by  means  of  the  formula  E=tf+ a— ft  when  tables  of 
the  values  of  a  and  b  are  extant,  like  those  given  in  Part  VIII. 
for  certain  kinds  of  plate-surfaces  in  chloride  and  sulphate 
solutions. 

Out  of  a  large  number  of  voltaic  combinations  examined, 
consisting  of  two  metals  immersed  in  solutions  of  their  salts 
of  a  given  kind  {e,  g.  sulphates,  chlorides,  nitrates,  or  acetates), 
only  a  few  have  been  found  to  possess  an  E.M.F.  which,  when 
at  its  maximum,  differs  by  but  little  from  the  value  calculated 
from  the  heftt-evohitioh  during  the  net  chemical  action  taking 
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place  in  the  cell,  u  e.  from  the  difFerenoe  between  the  heats  of 
formation  of  the  two  salt  solutions  forming  the  electrolytes  ; 
the  great  majority  either  fall  short  of  this  valne,  or  exceed  it  by 
quantities  well  outside  of  the  limits  of  experimental  error.  In 
cells  of  the  latter  class,  it  is  evident  that  the  extra  work  which 
can  be  done  by  the  passage  of  a  current  through  a  large  external 
resistance  over  and  above  that  due  to  the  net  chemical  change, 
must  be  accomplished  by  a  transformation  of  sensible  heat 
into  electric  energy;  t.  e.  it  is  done  at  the  expense  of  sensible 
heat,  such  cells  resembling  in  this  respect  various  of  the  dif- 
fusion-cells described  in  Part  YIIL  A  still  more  remarkable 
class  of  cells  has  been  found,  however,  in  which  the  current 
flows  in  the  direction  opposite  to  that  deducible  from  the  rela- 
tive heats  of  formation  of  the  electrolytes,  so  that,  instead  of 
the  plate  immersed  in  the  solution  of  the  salt  of  greater  heat 
of  formation  acquiring  the  lower  potential  (as  the  zinc  plate 
in  a  Daniell  cell),  it  actually  acquires  the  higher  potential. 
The  passage  of  a  current  in  such  cases,  consequently,  is 
accompanied  by  a  twofold  transformation  of  sensible  heat  into 
current  energy,  actual  or  potential;  for  the  chemical  changes 
that  take  place  in  the  cell  are  accompanied  on  the  whole  by 
heat-absorption,  whilst  any  work  done  externally  must  be 
performed  at  the  expense  of  sensible  heat*.  Twenty  such 
combinations  have  been  examined,  vide  §  209. 

166.  An  attentive  consideration  of  these  and  other  allied 
phenomena  leads  to  the  conclusions  that,  since  only  in  excep- 
tional cases  does  the  formula  hold, 

Eg  ss  B  ^  Cx ""  Cg 

(where  Eh  is  the  E.M.F.  corresponding  to  the  net  heat-evolu- 
tion due  to  chemical  change  in  the  cell),  the  E,M.F.  actually 
generated,  must  be  due  to  otiier  causes  in  addition  to  the  heat  of 
chemical  change ;  and  that  all  the  observed  phenomena  may 

*  A  somewhat  aiudogous  phenomenon  is  presented  by  grayity-difiiision 
cells  set  np  with  platinum  plates  and  nitric  acid  of  different  degrees  of 
concentration.  With  certain  strengths  an  E.M.F.  is  set  up  superior  to 
that  calculable  from  the  heat  of  intermixture  of  the  two  acid  fluids ;  so 
that  when  a  current  flows  through  a  large  external  resistance,  part  of  the 
work  done  is  performed  at  the  expense  of  sensible  heat ;  wb  ilst  the  passage 
ot  the  current  reduces  the  concentrated  acid  to  lower  oxides  of  nitrogen 
(precisely  as  in  a  Orove^s  cell),  thereby  absorbing  additional  heat 
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be  clearly  accounted  for  if  it  be  assumed  that  the  different* 
of  potential  set  up  between  the  two  plates  of  the  voltaic  com- 
binations examined  is  due  to  the  superposition  of  two  causes — 
one,  the  net  heat-development  or  difference  in  heat  of  forma- 
tion  of  the  two  electrolytes  surrounding  the  two  plates  respec- 
tively; the  other^  an  action  akin  to  that  taking  place  in  a 
thermoelectric  combination,  and,  like  that  action,  expressible 
numerically  by  the  algebraic  difference  between  two  constants 
applicable  to  the  two  halves  of  the  combination  respectively  ; 
so  that  if  i,  and  k^  be  the  two  thermovoltaic  constants  appli- 
cable respectively  to  the  metals  (and  corresponding  with  the 
voltaic  constants  Ci  and  C2),  and  E^  be  the  E.M.F.  corre- 
sponding with  the  difference  between  these  heats  of  formation, 
then 

E=:Ci-C2=EH+iti-*2. 

If,  then,  ki^ki  does  not  differ  greatly  from  zero,  E  and  Eh 
are  nearly  equal ;  if,  on  the  other  hand,  ki—k^  has  a  consider- 
able value,  E  exceeds  or  falls  short  of  Eh  according  as  that 
value  is  positive  or  negative  in  sign.  If  ki—k^  is  negative  in 
sign  and  also  is  numerically  greater  than  Eh,  E  is  of  the 
opposite  sign  to  Eh-  This  case  corresponds  with  the  class  of 
cells  above  referred  to  in  which  the  metal  actually  acquiring 
the  higher  potential  is  the  one  which  would  be  expected  to 
acquire  the  lower  one,  were  the  heat  of  chemical  action  the 
sole  cause  of  potential  difference  in  the  cell. 

The  value  of  the  thermovoltaic  constant  applicable  to  any 
given  metal  necessarily  varies  in  the  same  way  as  that  of  the 
voltaic  constant ;  L  e.  it  is  to  some  extent  dependent  on  the 
nature  of  the  metal  surface,  and  varies  with  the  nature  and 
strength  of  the  solution  of  the  salt  of  the  metal  employed  to 
surround  the  plate,  and  probably  also  with  the  temperature*. 

•  S.  Czapski  has  recently  found  {Anndlen  der  Physikj  xxi.  p.  209) 
that  zinc-silver-chloride  and  cadmiiim-silyer-cliloride  cells  diminish  in 
E.M.F.  as  the  temperature  rises;  whilst  iron-mercurous-chloride,  cad- 
mium-mercurous-chloride,  and  zinc-mercuroiis-bromide  cells  rise  in  E.M.F. 
with  increasing  temperature.  In  the  former  class  of  cell  the  E.M.F. 
actually  set  up  is  less,  and  in  the  latter  greater,  than  that  corresponding 
with  the  heat-evolution  due  to  the  net  chemical  change.  But  it  woald 
seem  that  if  there  be  any  general  law  connecting  the  variations  in  E.M.F. 
with  temperature,  it  is  less  simple  than  might  appear  from  these  particular 
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In  some  few  cases  the  constant  is  of  positive  sign  for  some 
Bolation*strengtbs  or  kinds  of  salts,  and  negative  for  others  : 
in  these  cases  the  numerical  value  of  the  thermovoltaic  con- 
stant is  never  great,  not  exceeding  a  few  centivolts  at  roost. 
If,  on  the  other  hand,  a  metal  possess  a  thermovoltaic  constant 
oi'  considerable  magnitude  for  one  class  of  salts,  the  sign  is  the 
same  for  all  classes  of  salts  examined.  So  that  practically 
metals  may  be  divided  into  three  classes,  viz.: — those  where  the 
thermovoltaic  constant  has  uniformly  a  more  or  less  consider- 
able negative  value,  e.  g.  lead  and  silver ;  those  where  the 
value  is  sometimes  positive  and  sometimes  negative  but  never 
large,  e.  g.  copper  and  cadmium  ;  and  those  where  the  value 
is  considerable  and  always  positive,  e.  g.  iron,  mercury,  mag- 
nesium, and  aluminium. 

In  order  to  have  a  standard  for  reduction,  it  is  convenient 
to  make  the  same  convention  as  that  above  referred  to  for 
voltaic  constants,  viz.  that  the  thermovoltaic  constant  for 
amalgamated  zinc  is  taken  as  zero  token  immersed  in  a  solution 
of  a  zin<ysah  coi^*esponding  i?i  nature  and  molecular  strength 
with  the  solution  of  the  salt  surrounding  the  other  plate. 

As  regards  the  actual  numerical  values  assigned  below  to 
the  voltaic  and  thermovoltaic  constants,  it  has  been  thought 
best  to  adhere  to  the  same  fundamental  assumptions  as  have 
been  hitherto  made  throughout  this  series  of  papers,  viz.: — that 
the  B.A.  unit  of  resistance  is  actually  one  earth-quadrant  per 
second;  that  the  factor  for  converting  gramme-degrees  into 
volts  is  4410  ;  and  that  the  E.M.F.  of  Clark's  cell  at  I5°-5  is 
1*457  volt,  that  of  a  Daniell  cell  set  up  with  amalgamated- 
zinc  and  electro-copper  plates  and  solutions  of  zinc  and  copper 
sulphates  of  equal  molecular  strength  being  '765  x  1'457 
±•0005,  or  M 14  ±-0005  volt.  The  present  state  of  our 
knowledge  would  introduce  corrections  in  all  three  of  these 
values;  but  these  corrections  would  so  far  balance  one  another 
that  the  most  probable  end  result  is  that  all  the  numerical 
values  given  are  about  1*6  to  2*2  per  cent,  too  high.  First, 
the  true  value  of  the  B.A.  unit  is  about  1*3  per  cent,  lower 

results ;  for  Cltvrk's  cells  (zinc-niercurous-sulphate)  obviously  belong  to 
the  same  class  as  zinc-mercurous- bromide  and  cadmium-mercurous- 
cbloride  cells;  and  yet  the  E.M.F.  of  a  Clark's  cell/a/Z»  instead  of  rising 
■•  the  temperature  rises  (§§  139  and  179). 
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than  that  thus  assumed ;  next^  Lord  Rayleigh's  recent  yaloa- 

tions  of  the  E.M.F.  of  Clark's  cell  indicate  1-434  instead  of 

1*457,  or  1*6  per  cent,  lower  (this  correction  including  the 

previous  one).     Still  smaller  values,  1*427  to  1*433  volt,  or 

from  1*7  to  2*1  per  cent,  lower  than  Clark's  value,  have 

recently  been  obtained  by  Von  Ettingshausen  (Zeitsch.  fikr 

Electrotechnikj  1884,  Heftxvi.);  whilst,  lastly,  the  value  of 

JF,  the  factor  for  converting  heat  units  into  volts,  as  deduced 

from  the  most  recent  experiments  of  Mascart,  Kohlrausch,. 

and  Lord  Rayleigh,  is  nearly  as  much  below  4410;  these  three 

observers  finding  for  the  C.6.S.  electrochemical  equivalent  of 

silver  respectively  the  values  '01124,  '011183,  and  between 

*01118  and  "01119,  from  M'hich  a  mean  value  of  close  to  '0112 

•0112 
results;   so   that   F=  rrjr^:^^  ='0001038 ;   whence,   taking 

J=41*55xl0*,  it  follows  that  JF  =  4313,  or  2*2  per  cent, 
below  4410.  So  that,  on  the  whole,  both  E  and  Eh  are  uni- 
formly overvalued  below  by  amounts  probably  amounting  to 
between  1*6  and  2'2  per  cent. ;  whence  their  diiferences  will 
evidently  be  overvalued  to  sensibl}*  the  same  extent.  The 
errors  thus  introduced  into  the  values  assigned  to  the  various 
thermovoltaic  constants  calculated  are  in  no  case  of  such 
magnitude  as  to  interfere  with  the  general  character  of  the 
inferences  drawn  from  the  numbers  thus  deduced. 

167.  A  number  of  cells  have  been  examined,  in  which  a 
sparingly  soluble  electrolyte  was  employed  in  the  form  of  the 
solid  salt  suspended  in  a  solution  of  some  other  salt  (usually 
the  one  surrounding  the  other  plate),  e.g,  zinc-silver-chloride 
cells,  where  the  silver  plate  was  surrounded  by  a  magma  of 
siWer  chloride  suspended  in  zinc-chloride  solution ;  or  cad- 
mium-Iead-sulphate  cells,  where  lead  sulphate  suspended  in 
cadmium-sulphate  solution  surrounded  the  lead  plate.  Some 
noteworthy  peculiarities  have  been  observed  with  such  cells 
as  regards  the  fluctuations  in  the  values  of  a  and  b  in  the 
formula  E  =  ^4-a— i  with  variations  in  solution-strength. 
Thus,  with  zinc-lead-sulphate  cells  (set  up  with  a  magma  of 
lead-sulphate  and  zinc- sulphate  solution  round  the  lead  plate) 
the  eflFect  of  variation  in  the  strength  of  the  zinc-sulphate 
solution  surrounding  the  lead  plate  is  not  the  same,  either  in 
magnitude  or  sign,  as  the  effect  of  the  same  variation  in  the. 
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strength  of  the  zinc-sulphate  solution  surrounding  the  zinc 
plate.  In  the  latter  case  (as  already  shown,  Part  YIII.)  the 
effect  is  of  this  kind,  that  as  the  solutionnstrength  increases 
the  numerical  value  of  b  continually  increases,  its  sign  being 
always  the  same,  viz.  positive ;  but  in  the  former  case  this  is 
not  so,  the  numerical  value  of  a  increasing  with  the  strengtti 
of  the  zinc-sulphate  solution  in  which  the  lead  sulphate  is 
suspended  up  to  a  certain  strength,  after  which  the  value 
again  decreases,  the  sign  being  negative  throughout.  Thus 
the  following  Table  represents  the  relative  values  of  a  and  b 
for  solution-strengths  mZnS04  100  H,0,  the  values  of  b  being 
those  described  in  §  153  for  amalgamated-zinc  plates,  and 
those  of  a  similarly  obtained  by  means  of  a  series  of  diffusion- 
cells  set  up  with  electro-coated  lead  plates  immersed  in  mag- 
mas of  recently  precipitated  well-washed  lead-sulphate  and 
zinc-sulphate  solutions  of  varying  strengths ;  the  values  are 
given  in  millivolts. 


Value  of  m. 

a. 

b. 

•1 

0 

0 

•5 

-  6-0 

+  111 

10 

-  9-5 

4-16-3 

20 

-14-0 

H-22-6 

30 

-18-0 

-I-27-7 

40 

-16-5 

-fJJ39 

5-0 

-110 

H-39-5 

5-5 

-  5-5 

+43-5 

Curve  no.  1,  fig.  1,  indicates  these  values  of  a  as  ordinates, 
the  values  of  m  being  abscissae. 

Plg.l. 
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On  Bubstituting  solutions  of  cadmium  sulphate  for  those  of 
zinc  sulphate  as  the  menstrua  in  which  to  suspend  lead  sul- 
phate in  cells  containing  lead  and  its  sulphate  as  one  half  of 
the  element,  analogous  results  were  obtained  as  regards  the 
general  character  of  the  curve,  the  mean  numerical  values  of 
a  obtained  by  means  of  diffusion-cells  being  given  in  milli- 
volts in  the  following  Table,  and  represented  by  curve  no.  2 ; 
the  third  column  in  the  table  and  curve  no.  3  represent  tha 
corresponding  values  obtained  with  diffusion-cells  containing 
mercurous  sulphate  suspended  in  zino-sulphate  solutions  of 
varying  strengths,  the  plate-surfaces  being  in  this  case  pure 
mercury  (the  "  plates  "  being  the  upper  surfaces  of  mercury  oc- 
cupying the  lowest  portions  of  the  vessels  constituting  the  cells). 


Values  of  a  in  cells 

Values  of  a  in  cftlls 

Talues  of  m. 

containing  lead  sul- 

containing mercurous 

phate  8U8|)ended  in 

sulphate  suspended  in 

mCdSO,100H,O. 

MZnSO,  100  H,0. 

•1 

0 

0 

•5 

-23 

-  .50 

1-0 

-6-2 

-  66 

2-0 

-92 

-  9-6 

80 

-81 

-116 

40 

-6-9 

-12-2 

6-0 

-6-6 

-12-7 

6-5 

-50 

-130 

60 

-4-3 

It  is  here  evident  that  whilst  the  sign  of  a  is  in  all  cases 
negative,  the  numerical  value  attains  a  maximum  in  the  case 
of  lead  sulphate  suspended  in  either  zino-  or  cadmium-sul- 
phate solution  and  then  diminishes,  whereas  it  continually 
increases  in  the  case  of  mercurous  sulphate  suspended  in 
zinc  sulphate.  On  the  other  hand,  cells  containing  electro- 
silver  plates  ijumersed  in  magmas  of  recently  precipitated 
well-washed  silver  chloride  and  solutions  of  zinc  chloride  of 
varying  strengths,  gave  values  for  a  negative  in  sign  for  low 
solution-strengths,  and  increasing  in  numerical  value  to  a 
negative  maximum  as  the  strength  increased,  after  which 
the  value  diminished  again  to  0,  finally  becoming  positive, 
and  increasing  continuously ;  these  values  are  given  in 
millivolts  in  the  following  table,  and  indicated  by  curve 
no.  4. 


Digitized  by 


Googit 


DJITERMIKATION  OF  CUBMICAL  AFFINITY.  285 


Value  of  a  in  cells  containing 

Value  of  flu. 

■ilver  chloride  suspended 
inmZnClalOOHiO. 

•25 

0 

•6 

-  5-0 

1-0 

-12-0 

20 

-201 

30 

-lG-2 

tt-0 

+  01 

10-0 

+  70 

Analogoas  values  were  obtained  with  cells  containing 
mercnroas  chloride  suspended  in  zinc-chloride  solution^  a 
being  negative  in  sign  with  strengths  where  m<6'0,  but 
positive  where  m=^  10*0- 

168.  It  is  evident  that  cells  of  the  type  now  under 'discus- 
sion, where  the  electrolyte  surrounding  the  plate  acquiring 
the  higher  potential  is  of  a  mixed  character  {i,  e,  containing 
two  salts),  are  to  a  certain  extent  comparable  with  Daniell 
cells  in  which  the  copper  plate  is  surrounded  by  a  mixed 
solution  of  zinc  and  copper  sulphates,  the  only  essential  dif- 
ference being  in  the  greater  solubility  of  copper  sulphate  as 
compared  with  lead  sulphate,  &c.  It  seemed  of  interest, 
therefore,  to  examine  in  detail  the  influence  on  the  numerical 
value  of  the  E.M.F.  of  a  Daniell  cell  exerted  by  addition  of 
zinc  sulphate  to  the  copper-sulphate  solution  used.  Accord- 
ingly a  number  of  cells  were  set  up  containing  mixed  sulphate 
solutions  of  strengths  mCuS04,  nZnS04  lOOHjO,  the  values 
of  m  and  n  varying  in  the  different  cases,  but  all  else  being 
the  same.  The  following  remarkable  results  were  thus 
obtained,  electro-copper  plates  being  used  throughout : — 

1.  With  solutions  such  that  m  constantly  =1-77,  the  value 
of  a  with  continually  increasing  values  of  n  is  never  nega- 
tive, being  sensibly  =0  as  long  as  n  does  not  exceed  '5,  and 
being  + ,  and  continually  increasing  in  numerical  value  as  n 
increases  above  '5. 

2.  With  solutions  such  that  m  does  not  exceed  "5,  the  value 
of  a  is  always  negative,  increasing  in  numerical  value  as  n 
increases. 

3.  With  solutions  such  that  w=  from  1*0  to  1*42,  the  value 
of  a  is  at  first  negative,  increasing  to  a  negative  maximum  as 
n  increases,  then  diminishing  to  zero,  and  finally  becoming 
positive,  and  continuously  increasing  in  numerical  value. 
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The  following  Tables  represent  these  results,  which  are  also 
indicated  by  carves  1  to  6  (fig.  2)  ;  the  values  are  given  in 
millivolts. 


Value  of  m=  1-77.  (Curve  No.  1.) 

Value  of  w. 

B.M.F.ofcelL 

Value  of  a. 

0 

1114-0 

•1 

11140 

0 

•5 

11140 

0 

1-0 

11141 

+  -1 

1-6 

1114-7 

+  -7 

2-0 

1117-9 

+3-9 

m  =  l-42.  (Curve  No.  2.) 

0 

11140 

•6 

1112-6 

-1-4 

1-0 

11120 

-20 

1-5 

1111-9 

-2-1 

20 

1112-1 

-10 

30 

11150 

+10 

40 

1119-5 

H-5-5 

m=l-28.  (Curve  No.  3.) 

0 

11140 

lO 

1111-8 

-2-2 

1-6 

11110 

-30 

30 

moo 

-31 

40 

1115-2 

+1-2 

50 

1118-7 

+4-7 

Digiti 


zed  by  Google 


DETERMINATION  OF  CHEMICAL  AFFINITY. 


287 


Table  (continued). 


w=l-00.  (Curve  No.  4.) 

Value  of  II. 

E.M.F.ofo(aL 

Value  of  a. 

0 

11140 

•25 

1113-3 

-  -7 

•6 

1112-6 

-1-4 

1-0 

llU-7 

-2-3 

15 

1111-0 

-30 

2-0 

1110-9 

-3-1 

30 

1110-8 

-3-2 

4-0 

11119 

-31 

60 

1114-2 

+  -2 

m= 

•5.  (Curve  No.  5.) 

0 

11140 

•1 

1113-6 

-  -4 

•25 

1113-3 

-  -7 

•5 

1112-6 

-1-4 

lO 

1111-5 

-2-5 

2-0 

1110-0 

-4-0 

4-0 

1107-7 

-6-3 

6-0 

1106-7 

-7-3 

m=' 

25.  (Curve  No.  6.) 

0 

1114-0 

•25 

1113-1 

-0-9 

lO 

1111-4 

-2-6 

3-0 

1108-4 

-5-6 

50 

1106-1 

-7-9 

Hence  it  appears  that  cells  containing  very  sparingly  so- 
luble compounds  like  lead  salphate,  silver  chloride,  &c.y  8U8« 
pended  in  solutions  of  more  soluble  salts,  are  comparable  with 
Daniell  cells  in  which  the  copper  plates  are  surrounded  with 
solutions  containing  only  small  quantities  of  copper  sulphate, 
together  with  varying  quantities  of  zinc  sulphate,  increasing 
the  strength  of  the  solution  of  the  more  soluble  salt,  in  the 
first  case  producing  the  same  general  effect  on  the  E.M.F.  of 
the  cell  as  addition  of  more  zinc  sulphate  to  the  copper- 
sulphate  solution  in  the  second. 

169.  A  probable  explanation  of  these  results  is  the  fol- 
lowing : — The  passage  of  a  current,  however  feeble,  decom- 
poses, both  electrolytes  in  the  mixed  fluid  simultaneously  | 
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80  that^  for  example^  in  the  Daniell  cell  containing  mixed 
zinc-  and  copper-sulphate  solution  round  the  copper  plate, 
both  zinc  and  copper  would  be  thro^vn  down  simultaneously 
in  the  metallic  state,  were  it  not  that  whilst  still  nascent  the 
zinc  acts  on  the  copper-sulphate  solution  by  a  secondary 
action,  precipitating  the  equivalent  amount  of  copper,  and 
becoming  itself  zinc-sulphate  solution.  A  portion  of  the 
energy  gained  by  this  secondary  action  is  nonadjuvant,  the 
amount  of  nonadjuvant  energy  depending,  inter  alia,  on  the 
number  of  molecules  of  zinc  sulphate  thus  reproduced  relatively 
to  that  of  copper  sulphate  in  solution,  in  such  a  fashion  that  the 
9tronger  the  copper-sulphate  solution,  caeteris  paribus,  the  less  is 
the  amount  of  nonadjuvant  energy.  Hence,  from  this  cause  the 
E.M.F.  of  a  Daniell  cell  would  be  necessarily  diminished  by 
addition  of  zinc  sulphate  to  the  copper-sulphate  solution.  But 
this  addition  produces  also  an  effect  of  another  kind  ;  for 
addition  of  zinc  sulphate  to  the  fluid  surrounding  the  plate 
acquiring  the  higher  potential,  making  that  fluid  stronger  so 
far  as  zinc  sulphate  is  concerned,  must  set  up  an  interdiffusion 
effect  which  will  be  superposed  upon  the  other  sources  of 
difference  of  potential,  tending  to  raise  the  potential  of  the 
plate  immersed  in  the  fluid  thus  strengthened  relatively  to 
that  of  the  other  plate.  Hence  there  are  two  causes,  acting  in 
opposite  directions,  thus  brought  into  play,  tending  to  afifect 
the  potential-difference  set  up  between  the  two  plates  of  the 
cell  :  if  the  on©  predominate,  the  E.M.F.  of  the  cell  as  a 
whole  is  lowered  ;  if  the  other  predominate,  the  E.M.F.  is 
raised,  With  weak  solutions  of  copper  sulphate  the  former 
tendency  is  always  greater  than  the  latter,  and  the  E.M.F. 
fails  continaousiy  as  zinc  sulphate  is  added  to  the  copper- 
sulphate  solution,  as  indicated  in  curves  nos.  5  and  6,  fig.  2. 
With  strong  solutions  of  copper  sulphate  the  latter  tendency  is 
always  greater  than  the  former,  so  that  in  this  case  the  E.M.F. 
continuously  increases  in  value  as  zinc  sulphate  is  added  to 
the  copper  sulphate,  as  indicated  in  curve  no.  1 .  With  in- 
termediate strengths  of  copper-sulphate  solution,  the  former 
tendency  at  first  predominates  over  the  latter  one,  the 
E.M.F.  of  the  cell  falling  as  more  zinc  sulphate  is  inter- 
mixed with  the  copper  sulphate ;  but  by  and  by  the  second 
tendency  becomes  stronger  relatively  to  the  first,  and  finally 


i 


Digiti 


zed  by  Google 


DETERMINATION  OF  CHEMICAL  AFFTNITT.  289 

overpowers  it^  thus  cansing  the  E.M.F.  of  the  cell  first  to  cease 
diminishing,  and  then  to  rise  continuously  until  it  reaches  and 
even  surpasses  the  first  value. 

Mutatis  mutandis,  evidently  the  same  kind  of  explanation 
applies  in  the  case  of  cells  where  the  mixed  electrolyte  is  a 
magma  of  a  sparingly  soluble  salt  suspended  in  a  solution  of  a 
more  soluble  one. 

It  should  hence  evidently  result  that  the  effect  of  "  polari- 
zation "  on  cells  set  up  with  such  magmas  (t.  e,  the  depre- 
ciation in  E.M.F.  observed  with  increasing  current-density) 
should  bo  much  more  marked  than  with  cells  containing  only 
readily  soluble  salts  in  moderately  concentrated  solution;  since 
the  film  of  fluid  surrounding  the  plate  on  which  metal  is 
deposited  must,  with  such  a  magma,  become  very  rapidly  de- 
preciated, as  regards  the  amount  in  solution  of  the  sparingly 
soluble  salt,  on  account  of  the  decomposition  of  that  salt 
caused  by  the  passage  of  the  current.  This  is,  in  fact,  the  case, 
depreciation  of  some  tenths  of  a  millivolt  being  readily  ob- 
servable even  with  currents  of  density  too  small  to  produce 
any  measurable  effect  on  sach  diffusion-cells  as  those  described 
in  Part  VIII.  In  order  to  avoid  errors  from  this  cause  ex- 
ceeding 0*5  millivolt  in  magnitude,  it  was  found  indispensable 
to  work  with  currents  of  density  not  exceeding  from  '01  to 
*02  microampere  per  square  centimetre  when  cells  containing 
such  magmas  were  employed ;  so  that  with  plates  exposing 
some  3  or  4  square  centimetres  of  surface,  and  cells  of  near  to 
1  volt  in  E.M.F.,  a  total  resistance  of  at  least  a  megohm,  and 
usually  of  several  megohms,  was  employed  ;  and  proportion- 
ately in  other  cases. 

It  should  further  result,  if  the  above  explanation  be  correct, 
that  if  two  cells  be  compared,  alike  in  all  respects  save  that 
in  one  the  copptir  plate  is  surrounded  by  a  mixed  solution 
m  CUSO4,  n  ZnS04  100  H2O,  and  in  the  other  by  a  solution 
of  copper  sulphate  only,  of  equal  strength,  viz.  (w  f  n)0uS04 
100  H2O,  the  difierence  betv^een  the  E.M.F. 's  of  the  two  for 

a  given  value  of  the  ratio  —  will   not  be  constant,  but  will 

increase  as  the  value  of  m  diminishes,  t .  e.  as  the  mixed  solution 
is  weaker  so  far  as  the  copper  sulphate  contained  is  concerned. 
This  is  in  fact  the  case,  as  shown  by  the  following  Table, 
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representing  the  E.M.F.'s  of  such  pairs  of  cells  uniformly 
containing  amalgamated-zinc  and  electro-copper  plates,  the 
former  immersed  in  m  ZnSO*  100  H,0;  the  E.M.F/s  of  the 
cells  containing  m  CuSOj^  n  ZnS04  100  H^O  are  derived 
from  the  preceding  tables,  and  those  of  the  cells  containing 
(w+n)CaS04  100  HjO  are  calculated  by  means  of  the  for- 
mula E=:1114  +  a,  in  which  1114  is  the  constant  E.M.F. 
in  millivolts  of  an  ordinary  Daniell  cell  containing  m  MSO4 
100  HaO,  where  m  is  constant  for  both  zinc-  and  copper-sul- 
phate solutions  (§170,  footnote),  whilst  a  is  derived  from  the 
table  given  in  Part  VIII.  §  154. 


m. 

II. 

B.M.F.  of  oeUj  containing 

Differ- 
ence. 

ft 
m 

(w+n)Cu80. 
100  H,0. 

wiOuSO.,  nZnSO. 
100  H,0. 

1-77 

•6 

11169 

1114-0 

29 

-28 

1-42 
1-42 

•5 

1-0 

1116-9 
1120-2 

1112-6 
11120 

4-3 

8-2 

•35 
•70 

1-00 
1-00 
100 
1-00 

•26 

•6 
1-0 
1-5 

1115-6 
1117-2 
1120-4 
1123-4 

1113-3 
1112-6 
1111-7 
1111-0 

28 

4-6 

87 

12-4 

-26 
•50 

1-0 

1-5 

•6 
•5 
•5 
•5 
•5 
-6 

•1 

•25 

•6 
10 
1-5 
2-0 

1114-9 
1116-3 
1118-6 
1121-8 
1125-0 
1128-0 

1113-6 
1113-3 
1112-6 
1111-5 
1110-7 
11100 

1-3 

3-0 

6-0 

10-3 

14-3 

18-0 

-2 
-5 
1-0 
2-0 
3-0 
4-0 

•26 
•26 
•26 

•25 

10 
20 

1119-6 
1126-8 
1132-1 

11131 
1111-4 
1109-9 

6-5 
14-4 
22-2 

1-0 
4-0 
8-0 

Fig.  3  represents  these  numbers,  the  values  of  —  being  the 

abscissae  and  those  of  the  ^^  differences  "  the  ordinates  of  the 
curves  drawn,  which  are  evidently  such  that  the  curve  where 
m  has  the  highest  value  overlies  the  others ;  and  similarly 
throughout. 
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Fig.  8. 


Determination  of  the  Numerical  Values  of  tlie  Voltaic  Constante 
and  Thermovoltaic  Constanie  applicable  to  various  kinds  of 
Tioo^fluid  Cells. 

1 70.  In  all  the  cells  examined^  wherever  possible,  the  plates 
used  were  coated  over  by  an  electro-deposited  coat  of  metal, 
thrown  down  by  a  moderately  weak  current  from  a  strong 
solution  of  a  pure  sali  of  the  metal.  The  plates  employed 
usually  exposed  a  total  surface  of  3  or  4  square  centimetres, 
and  the  electro-coatiifg  was  effected  by  passing  the  current 
from  three  to  five  Leclanch^  quart-cells  in  series  through  a 
decomposing  cell,  in  which  the  plate  to  be  coated  formed  the 
negative  electrode,  the  positive  one  being  a  plate  of  the  same 
metal  in  as  great  a  state  of  purity  as  practicable  ;  the  elec- 
trodes were  usually  some  3  or  4  centimetres  apart.  Under 
these  circumstances  the  coating  of  metal  formed  was  fairly 
tough  and  coherent,  although  in  certain  cases  somewhat 
crystalline  on  the  surface.  Copper  thus  deposited  from  a 
strong  solution  of  copper  sulphate  formed  a  coating  of  great 
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regularity  and  toughness.  In  some  cases,  however,  bright 
plates  of  fused  metal  were  necessarily  employed,  e.  g*  with 
iron  and  aluminium.  With  zinc  the  plates  always  consisted 
of  pure  metal  superiicially  amalgamated  with  pure  mercury. 
The  cells  employed  were  uniformly  constructed  of  two  small 
beakers  or  porcelain  vessels  containing  respectively  the  metals 
and  fluids  employed,  and  united  by  a  siphon-tube,  consisting 
of  an  inverted  Y-tube,  the  lower  ends  of  which  were  covered 
over  with  thin  animal  membrane  secured  by  a  silk  thread,  and 
rendered  watertight,  when  requisite,  at  the  junction  of  the 
glass  and  membrane  by  the  application  of  a  little  melted  gutta- 
percha, so  that  no  leakage  int6  or  from  the  siphon  took  place, 
saving  by  osmosis  through  the  membrane.  In  all  cases  the 
temperature  varied  from  18**  C.  by  only  Hh  a  few  degrees. 
Saving  in  the  case  of  certain  experiments  quoted  from  pre- 
vious portions  of  these  researches,  and  a  few  others  made  for 
special  reasons  with  the  quadrant-electrometer,  all  the  obser- 
vations were  made  by  means  of  the  galvanometer,  currents 
being  used  of  such  small  density  as  to  produce  no  sensible 
depreciation  in  the  E.M.F. ;  in  most  cases  an  external  resist- 
ance of  a  megohm  (and  in  many  of  much  more)  being 
employed,  the  valuation  being  obtained  by  comparing  the 
readings  of  the  cell  to  be  examined  with  those  of  an  Alder- 
Wright^s  normal  Daniell  cell  *  through  the  same  resistance, 
using  the  formula 

n  1 

where  m  is  the  average  reading  of  the  cell  to  be  valued,  and 

•  The  term  '<  normal  Daniell  cell"  has  been  applied  by  different 
observers  to  very  different  forms  of  cell,  varying  several  per  cents,  in 
E.M.F.  amongst  themselveSi  principally  according  as  sulphuric  acid  of 
one  strength  or  another,  or  zinc-sulphate  solution  saturated  or  otherwise, 
is  used  to  surround  the  zinc  plate.  What  is  here  referred  to  as  an 
^<  Alder- Wright's  normal  Daniell''  is  a  cell  set  up  after  Raoult's  form  of 
construction,  with  amalgamated-pure-zinc  and  electro-copper  plates  im- 
mersed in  pure  solutions  of  their  respective  sulphates  of  the  same  molecular 
ftrengih,  preferably  of  strength  m  MSO^  100  H^O,  where  m  is  near  to 
2'0,  i,  e,  v^ith  coppe]>-flulphate  solution  nearly  but  not  absolutely  saturated, 
so  as  not  to  deposit  crystals  by  chilling  or  slight  evaporation.  The  ratio' 
of  the  E.M.F.  of  atich  a  cell  to  that  of  a  Clark's  cell  at  15^*5  has  been 
found  to  be  sensibly  *765  to  unity. 
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n  that  of  the  standard  Daniell.  Usually  alternate  readings 
of  the  two  cells  were  taken  for  20-30  minutes  after  first 
setting  up,  and  averaged  to  obtain  the  values  of  m  and  n. 

A.   Voltaic  and  Thermovoltaic  ConstarUs  of  Metals  immersed 
in  Solutions  of  their  Sulpliates. 

I.  Copper, 

171,  Electro-copper  presents  the  remarkable  and  almost 
unique  peculiarity,  that  the  value  of  its  voltaic  constant  in 
sulphate  solution,  as  above  defined,  is  practically  uniform  for 
all  solution-strengths  ;  for,  as  already  shown,  the  E.M.F.  of  a 
zinc-copper-sulphate  cell  is  sensibly  the  same  whatever  the 
solution-strength  when  amalgamated-zinc  and  electro-copper 
plates  are  used,  viz.  (on  the  assumptions  above  discussed, 
§  166)  1-1 14 ±-0005  volt;  so  that  the  voltaic  constant  for 
electro-copper  in  sulphate  solution  is  sensibly  + 1*114  for  all 
solution-strengths  (i.  e,  when  referred  to  amalgamated  zinc 
in  zinc-sulphate  solution  of  the  same  strength  as  zero). 

The  thermovoltaic  constant  of  electro-copper  also  shows  the 
same  independence ;  for  the  experiments  described  in  §  160 
show  that  the  heats  of  dilution  of  '.line-  and  copper-sulphate 
solutions  are  sensibly  identical  for  equal  dilution-ranges;  hence 
the  heats  of  formation  of  zinc-  and  copper-sulphate  solutions 
both  of  strength  m  MSO4  100 HjO  (where  m  is  the  same) 
must  difl^er  by  a  constant  amount  whatever  the  value  of  m  : 
this  amount  for  m=*25  (and  therefore  for  all  other  values  of 
m)  is,  from  Thomsen's  results  : — 

Zn,  0,  SO,  aq.= 106090 
Cu,  0,  SOsaq.s:  55960 

"50130=1-105  volt. 

Hence,  finally,  since  E  =  I'll 4  and  Eh= 1*105  for  all  solu- 
tion-strengths^ the  thermovoltaic  constant  for  electro-copper 
in  sulphate  solution  is  constantly  1*114  — 1*105=  + '009  for 
all  solution-strengths. 

II.   Cadmium, 

172.  The  experiments  with  the  quadrant-electrometer 
described  in  Part  VI,  show  that  the  electromotive  forces  of  all 
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zinc-cadmium-sulphate  cells  set  up  with  solutions  of  zinc  and 
cadmium  sulphate  of  the  same  strength,  m  MSO4  lOOH^O,  are 
comprised  within  the  limits  *360  +  *0015,  whem  it  is  between 
*08  and  2*0,  and  that  those  of  the  analogous  copper-cadminm- 
sulphate  cells  are  similarly  comprised  within  the  limits 
•7525  ±-0015. 

The  experiments  described  in  Part  VIII.,  however,  enable 

still  more  exact  figures  to  be  deduced.     Applying  the  formnla 

E=tf  +  a— 6,  and  taking  the  values  of  a  and  b  from  the  tables 

quoted,  the  following  figures  result  as  the  most  probable  ones, 

probable  error  in  no  case  being  so  great  as  ±  •002  volt: — 


Value  of  m. 

E.M.F.  of  zino- 
oadmium  cell. 

E.M.F.  of  cad- 

mium-oopper 

oelL 

Voltaio  constant 
for  electro- 
cadmium. 

•I 

•802 

■752 

+•362 

•25 

•362 

•752 

+•362 

•6 

•361 

•753 

+•361 

1-0 

•360 

•754 

+•360 

2-0 

•359 

•755 

+•369 

30 

•358 

+•368 

4-0 

•3575 

+•3576 

50 

•357 

+•357 

Unlike  that  of  copper  therefore,  the  voltaic  constant  for 
electro-cadmium  immersed  in  m  CdS04  lOOHgO,  referred  to 
amalgamated  zinc  in  zinc-sulphate  solution  of  the  same 
strength  as  zero,  varies  with  the  value  of  m,  decreasing  as  m 
increases. 

From  these  values  the  corresponding  thermovoltaic  con- 
stants are  thus  calculable.  According  to  Julius  Thomsen  the 
heats  of  formation  of  zinc  and  cadmium  sulphates  in  solution 
of  strength  -25  MSO4  lOOH^O  difier  by  16210  :— 

Zn,  0,80,  aq.  =  106090 
Cd,  0,SOsaq.=  89880* 

16210 

The  heats  of  dilution  to  this  strength  of  more-concentrated 

•  Thermochemische  Unterstichungtn,  vol.  iii.  p.  285.  In  the  calcula- 
tions giyen  in  Part  YI.  the  value  89500  is  assigned,  taken  from  Thomsen's 
earlier  puhlicatlons  (Joum,  prakt,  Chem,  xi.  p.  401). 
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solutions  are  not  eqnal  in  the  two  oases  :  calling  them  respeo* 
tively  hi  and  Aj,  the  heat  of  displacement  per  gramme-molecule 
of  cadmium  from  m  CdSO^  IOOH2O  by  zinc  is  calculable 
by  the  formula 

H=16210-(Ai-A«), 

when  m,  Ai,  and  A3  have  the  following  values  : — 


m. 

A,. 

K, 

ie2Jo-(A,-Aj. 

•25 

0 

0 

16210 

•357 

•6 

0 

26 

16235 

•358 

1-0 

0 

76 

16285 

•359 

20 

50 

276 

16435  . 

•362 

3-0 

100 

450 

16560 

•365 

4-0 

176 

626 

16660 

•367 

50 

376 

825 

16660 

•367 

Hence  the  values  of  the  thermovoltaic  constants  for  electro- 
cadmium  immersed  in  mCdS04  lOOHjO  (referred  to  amalga- 
mated zinc  immersed  in  equally  strong  zinc-sulphate  solutions) 
are  positive  for  weak  solution^strengt/is  and  negative  for  con- 
dderably  strong  solutions^  being  in  no  case  numerically  great^ 
viz.  as  follows : — 


E. 

En. 

ThermoToltaic 

m. 

contitant. 

•26 

•362 

•367 

+•006 

•6 

•361 

•358 

+•003 

1^0 

•360 

•369 

+•001 

20 

•369 

•362 

-.003 

30 

•368 

•306 

-007 

4-0 

•3575 

•367 

-0096 

60 

•357 

•367 

—010 

III.  Silver. 
173.  The  experiments  already  described  in  Part  VI.  show 
that  the  E.M.F.'s  of  zinc-silver-sulphate  cells  and  the  corre- 
sponding cadmium-  and  copper-silver  cells  are  respectively 
1*536, 1-1805,  and  -4235,  when  amalgamated-zinc  and  electro- 
silver,  -copper,  and  -cadmium  plates  are  used  with  solutions 
of  -042  MSO4  100  HaO  throughout  The  probable  error 
attaching  to  these  values  was  in  each  case  between  +-001  and 
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+  •0015.  .  Hence,  referred  to  amalgamated  zinc  in  zinc- 
sulphate  solution  of  this  strength  as  zero,  the  following  values 
result  for  the  voltaic  constant  of  electro-silver  in  saturated 
silver-sulphate  solution  : — 

From  Zinc-Silver  cells 1-536 

From Cadmium-Silver+Zino-Codmium cells  1-18054-  •362=1-5425 
From  Copper-Silver  -h  Zinc-Copper  cells. .  1-114  -f- 4235=1-6375 

Mean 1-539 

These  three  valuations  do  not  accord  so  well  as  those  obtained 
in  most  of  the  experiments  subsequently  detailed  and  made 
by  means  of  the  galvanometer  ;  the  chief  causes  of  the  dis- 
crepancies lie  in  the  greater  want  of  permanence  and  wider 
range  of  fluctuation  noticed  with  these  cells  (vide  §§  125-128, 
Part  VI.),  probably  due  to  the  extremely  weak  solutions 
necessarily  employed  owing  to  the  sparing  degree  of  solu- 
bility of  silver  sulphate. 

Taking  the  mean  value  1*539  volt  as  the  voltaic  constant 
for  electro-silver  in  saturated  silver- sulphate  solution^  it 
results  that  the  corresponding  thermovoltaic  constant  has  a 
large  negative  value ;  for  Julius  Thomsen  finds  that  Ags,  0, 
SO3  aq.= 20390,  whence  the  heat  of  displacement  of  silver 
from  silver-sulphate  solution  by  zinc  is  85700  gramme- 
degrees  =1*890  volt,  so  that  the  thermovoltaic  constant 

A=E-Eh=1-539-1-890=--351. 

IV.  LecuL 

174.  A  number  of  cells  were  examined  set  up  with  well- 
washed  recently  precipitated  lead  sulphate  (prepared  from 
clear  lead-acetate  solution  and  pure  sulphuric  acid  in  excess, 
boiled  up  many  times  with  distilled  water,  and  washed  by 
decantation),  suspended  in  zinc-  or  cadmium-sulphate  solutions 
of  varying  strength.  Electro-coated  lead  plates  immersed  in 
these  magmas  were  opposed  to  amalgamated-zino  plates 
immersed  in  zinc-sulphate  solution  with  the  following  results, 
to  which  are  also  joined  the  figures  obtained  with  similar  cells, 
in  which  electro- copper  and  electro-cadmium  plates  immersed 
in  solutions  of  their  sulphates  respectively  were  opposed  to 
the  lead  plates.     The  probable  error  of  each  value  is  in  almost 
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every  instance  considerably  below  ±*001  volt,  and  in  no 
case  exceeds  + '002  volt.  The  valaes  refer  to  cells  containing 
on  both  sides  solutions  of  the  same  molecular  strength 
mMSO4l00H8O- 


m. 

Lead  lalphate  suspended  in 
sino-flulphate  solution. 

Lead  sulphate  suspen- 
ded in  cadmium-sul- 
phate solution. 

Zinc-Lead. 

Oadmium- 
Lead. 

Lead- 
Copper. 

Zino-Lead. 

Lead- 
Copper. 

01 
06 
1-0 
20 
3-0 
4-0 
60 
6-75 

•637 
•620 
•512 
•601 
•491 
•487 
•487 
•487 

•173 
•160 
•162 
•142 
•133 

•677 
•694 
•603 
•611 

•550 
•637 
•529 
•619 
•614 
•609 
•605 
•601 

•664 
•677 
•686 
•696 

From  these  various  cell-values,  together  with  those  above 
described  for  zinc-copper  and  zinc-cadmium,  the  following 
valuations  are  deducible  for  the  voltaic  constants  of  electro- 
lead  immersed  in  a  magma  of  lead  sulphate  in  mZnS04 
100  H3O,  or  in  a  magma  of  lead  sulphate  in  971  CdSO^ 
100  H,0. 


Lead 

Sulphate  suspended  in  Zinc-sulphate  Solution. 

m. 

Zino-Lead. 

Zinc-Cadmium 
-\-  Cadmium-Lead. 

Zinc-Copper 
—Copper-Lead. 

Mean. 

0-1 

•6 

1-0 

2-0 

3^0 

4-0 
6-0 
576 

•637 
•620 
•612 
•601 

•491 

•487 
•487 
•487 

+•362}-^ 
+■3^)  =-^21 

^.:^}=-612 
•1421      .K^, 

•1331  _  .ft, 

+•368;  -^^^ 

11141 

-  677 
1114 

-  694 
1114' 

-  603 
1-114' 

-  611 J 

=•637 
=•520 
=•511 
=•503 

•636 
•620 
•612 
•602 

•491 

•487 
•487 
•487 
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Lead  Salphate  suspended  in  Cadmiuin-salphate  Solution. 


m. 

Ziao-Lead. 

Zino-Copper 
— Coppei^Lead.- 

Mean. 

0-1 

•560 

11141      ,riKn 
-    664    =^ 

•550 

0-5 

•587 

-  -577  ^^^ 

•537 

10 

•529 

-'■'^}=-^^ 

•529 

2-0 

•519 

-VJ^}=-"« 

•5185 

3-0 

•514 

•514 

40 

•609 

•509 

50 

■505 

•505 

575 

•501 

•501 

From  these  mean  values  for  the  voltaic  constants  the 
following  numbers  are  deduced  as  the  thermovoltaic  constants 
for  electro-lead  in  contact  with  soUd  lead  sulphate  snspended 
in  zinc-  or  cadmium»sulphate  solution  ;  the  heat  of  dispkoa- 
ment  of  lead  from  (solid)  lead  sulphate  by  zinc  forming 
solution  of  zinc  sulphate  of  strength  m  ZnSO^  100  H^O  being 

106090-73800-A=32290-A; 

where  106090=Zn,  0,  80^  aq.  (m=-25), 
73800=Pb,  0,  SO,  aq.  (solid), 

A=heat   of  dilution  of  m  ZnS04  100  H,0  to 
•25  ZnS04  100  H,0  (§  160). 


m. 

A. 

^H. 

Lead  snlphate  luspen- 
ded  in  lino  sulpliate. 

ded  in  ft«<^i«iiiTn 
sulphate. 

S. 

B-B^. 

B. 

«-\* 

01 
0-5 
10 
2-0 
80 
4-0 
5-0 
5-75 

0 

0 

0 

60 

100 

176 

375 

•712 
•712 
•712 
•711 
•710 
•708 
•704 

•586 
•520 
•612 
•602 
•491 
•487 
•487 
•487 

-176 
-•192 
-•200 
-•209 
-•219 
-•221 
-•217 

•550 

•587 

•529 

•6185 

•614 

•609 

•605 

•601 

-162 

-176 

-183 

-1925 

-196 

-199 

-199 

Hence    electro-lead    in   connexion   with   its   sulphate  is 
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analogous  to  silver,  the  thermovoltaic  constant  possessing  a 
considerable  negcUive  ralne ;  so  that  zino-lead-salphate  and 
cadmium-lead-sulphate  cells  have  E.M.F/s  notably  below  the 
valnes  corresponding  with  the  net  chemical  actions  taking 
place  therein.  On  the  other  hand,  since  the  thermovoltaic 
constant  for  copper  is  a  small  positive  value  (  +  *009  for  all 
solution-strengths),  and  that  for  lead  is  in  all  cases  a  con- 
siderably larger  negative  value,  whilst  copper  is  the  metal 
acquiring  the  higher  potential  in  a  lead-copper-sulphate  cell, 
it  follows  that  the  value  of  ki^k^  in  such  a  cell  is  always  a 
considerable  +  quantity,  varying  from  +*009— (— '162)  to 
+  •009- (—•221);  that  is  from  +-171  to  + -230,  according 
as  the  lead  sulphate  is  suspended  in  zinc- or  cadmium-sulphate 
solution,  and  according  as  the  molecular  strength  of  the 
solutions  is  low  or  high.  In  other  words,  a  lead-copper-sul- 
phate cell  gives  an  effective  maximum  E.M.F.  of  from  *171 
to  'SSO  volt  above  that  corresponding  with  the  net  chemical 
action  taking  place  tlierein.  This  chemical  action  represents 
a  heat-evolution  of  73800—55960=17840  gramme-degrees 
per  gramme-molecule,  corresponding  with  '393  volt  only.  The 
actually  observed  values  consequently  correspond  to  an  incre- 
ment of  about  50  per  cent,  in  the  E.M.F.  of  the  cell  above 
that  due  to  diemical  action. 

On  the  other  hand,  since  the  thermovoltaic  constant  for 
silver  in  contact  with  saturated  silver-sulphate  solution  is  a 
negative  quantity  numerically  greater  than  that  for  lead, 
whilst  in  lead-silver-sulphate  cells  silver  is  the  metal  acquiring 
the  higher  potential,  the  value  of  ki^^k^  in  such  cells  must  be 
negative.  Thus  a  cell  set  up  with  electro-silver  immersed  in 
saturated  silver-sulphate  solution  opposed  to  electro-lead 
imftieised  in  a  magma  of  lead  sulphate  suspended  in  '042 
ZnS04  100  H)0,  must  yield  a  value  for  ii*-£f  close  to 
-  851-(--176)=--175  ;  that  is,  the  E.M.F.  of  such  a 
cell  must  be  close  to  1*1775— •175  =  1*0025  volt,  since  the 
heat  of  displacement  of  silver  from  silver-sulphate  solution  by 
lead  forming  solid  lead  sulphate  is  73800—20390=53410 
gramme-degrees  per  gramme-molecule,  equivalent  to  1*1775 
Tolt.  On  trying  the  experiment,  the  following  values  were 
observed  with  a  number  of  similar  cells  : — 
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Maximum  cell-value =1*008  volt. 
Minimum         „        =  1*001     „ 
Average  „        =1*003     „ 

Probable  error  ±  -0008   „ 

the  average  observed  value  being  thus  sensibly  identical  yrith 
the  calculated  one. 

V.  Iran. 
175.  A  number  of  cells  were  examined  set  up  with  electro- 
copper  plates  immersed  in  copper-sulphate  solution,  opposed 
to  plates  of  brightened  sheet  iron  of  as  high  a  degree  of  purity 
as  could  be  obtained,  immersed  in  freshly  prepared  ferrous- 
sulphate  solution  ;  and,  similarly,  numerous  observations  were 
made  with  analogous  cells  containing  electro-cadmium  plates 
immersed  in  cadmium-sulphate  solution,  amalgamated-zinc 
plates  immersed  in  zinc-sulphate  solution,  or  electro-lead  plates 
immersedin  a  magma  of  lead  sulphate  suspendedin  zinc-sulphate 
solution.  The  following  average  values  were  obtained :  with 
solutions  of  molecular  strength  throughout  *1  MSO4IOO  H^O, 
the  cells  exhibited  far  greater  want  of  permanence  and  much 
wider  fluctuations  in  E.M.F.  than  were  noticed  with  cells  of 
strength  1*0  MSO4  100  H3O  ;  so  that,  whilst  the  probable 
error  in  the  former  class  of  cells  ranged  from  ±  '003  to  ±'005, 
that  in  the  latter  class  was  only  from  ±*001  to  ±*002.  The 
negative  sign  attached  to  the  values  for  the  iron-cadmium 
cells  indicates  that  iron  was  the  metal  acquiring  the  higher 
potential,  contrary  to  what  might  a  priori  be  anticipated  from 
the  heats  of  formation,  viz.  Fe,  0,  SOj  aq. = 93200  and  Cd,  0, 
S03aq.= 89880*. 


Pairs  of  metalfl. 

Molecalar  sirength 
lOMSO^lOOHjO. 

Molecalar  strenffth 
OlMSOJOOHjO. 

2mo-Iron   

'399 

-•036 

•112 

•716 

•446 

-•073 

•120 

•686 

Iron-Oadmium 

Iron-Lead 

Tmn-/?nnner 

*  This  peculiarity  of  iron-cadminm-sulphate  cells  has  been  already 
noticed  by  Braun  (Annalm  der  Physiky  xvi.  p.  561 ). 
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These  valaes,  together  with  those  above  cited  for  zinc- 
cadmium,  zinc-lead,  and  zinc-copper  cells,  give  the  following 
valuations  for  the  voltaic  constant  for  polished  metallic  iron  in 
ferrons-salphate  solation  : — 


m. 

Zino-Iron. 

Zino-Cadmium— 
Oadmium-Iron. 

Zinc-Lead- 
Lead-Iron. 

Zinc-Copper— 
Copper-Iron. 

Mean. 

10 
Ol 

•399 
•445 

•362 1 

'435 

-SI- 

-715}-^ 

'•'^n.429 

—686; 

•398 
•432 

It  results  from  these  figures  that  the  thermovoltaic  constant 
for  polished  iron  in  ferrous-sulphate  solutions  must  always 
have  a  notable  positive  value.  Admitting,  what  is  doubtless 
the  case,  that  the  heats  of  dilution  of  ferrous-  and  zinc-sulphate 
solutions  from  the  molecular  strengths  1*0  MSO4  ^^  ^%0  to 
0-25  MSO4  100  HjO  are  not  widely  difierent,  so  that  their 
difference  is  negligible,  the  heat  of  displacement  of  iron  from 
I'O  FeS04  100  HjO  by  zinc  is  106090-93200=12890 
gramme-degrees  per  gramme-molecule,  corresponding  with 
'284  volt.  Since  iron  acquires  the  higher  potential  in  zinc- 
iron-sulphate  cells,  the  value  of  ki^k^  must  be  positive  and 
=•398  — '284= +'114  ;  whence  the  thermovoltaic  constant 
for  iron  must  be  +  -1 14  for  1-0  FeSO^  100  HjO;  and  must  con- 
sequently have  higher  values  still  for  weaker  solutions,  approxi- 
mating to  -432 --284=  +  -148  volt  for  0-1  FeS04  100  H3O. 

Hence  iron  is  an  example  of  a  class  of  metals  opposite  in 
thermovoltaic  power  to  silver  and  lead,  and  differing  from 
copper  and  cadmium  in  that,  whilst  with  the  last  two  metals 
the  thermovoltaic  constant  has  never  a  value  largely  above  or 
below  zero,  with  silver  and  lead  it  has  considerable  negative 
values,  and  with  iron  it  has  a  notable  positive  value. 

One  result  of  this  is  that  a  zinc-iron-sulphate  cell  is  analo- 
gous to  a  copper-lead-sulphate  cell,  in  that  it  affords  a  consi- 
derably higher  effective  E.M.F.  than  corresponds  with  the  net 
chemical  action,  viz.  from  '398  to  *432  instead  of  '284. 

Another  result  is  that,  since  the  thermovoltaic  constants 
for  cadmium  and  iron  (in  solutions  I'O  MSO4  100  HjO)  are 
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respectively  +*001  and  +"114,  if  iron  were  to  displace  cad- 
mium from  solution  of  this  strength,  there  would  be  eyolyed 
93200— (89880— 75) =3395  gramme-degrees  per  gramme- 
molecule  (75  being  the  heat  of  dilation  from  1*0  C!dS04 
100  HjO  to  -25  CdS04  100  H3O),  corresponding  with  a  value 
for  Eh  of  *075  volt,  cadmium  acquiring  Uie  higher  potential ; 
but  upon  this  chemical  source  of  potential-difference  there  is 
superposed  the  thermovoltaic  action 

ii--A,=  +-001--114=--113; 

hence  the  net  effective  E.M.F.  is 

+  -075--113=--038: 

that  iSy  instead  of  cadmium  acquiring  the  higher  potential^  iron 
does  80,  and  a  current  flows  with  an  E.M.F.  of  —  *038  volt 
(mean  observed  value  =  — '035  volt). 

As  regards  iron-lead-sulphate  cells,  it  is  to  be  remarked  that, 
since  lead  acquires  the  higher  potential  and  since  the  thermo- 
voltaic constant  of  lead  is  a  considerable  negative  quantity 
whilst  that  of  iron  is  also  a  considerable  positive  quantity,  the 
value  of  Ai— Aj  is  largely  negative,  viz.  for  solutions  of  strengths 
I'O  MSO4  100  HjO  (zinc-sulphate  solution  being  used  to 
suspend  lead  sulphate  in),  —•200— -114=  —•314.  That  is  to 
say,  whilst  the  value  of  Eh  corresponding  to  this  displacement 
of  lead  from  lead  sulphate  (solid)  by  iron  is  '428  volt  (corre- 
sponding with  93200-73800=19400  gramme-degrees  per 
gramme-molecule),  the  effective  E.M.F.  of  the  cell  is  little 
more  than  one  fourth  of  this,  viz.  '428- •314=^114  (mean 
observed  value  =^112  volt). 

The  same  kind  of  remark  applies  to  iron-copper-sulphate 
cells  in  a  less  degree,  the  value  of  £1—^  being  here  (for  1*0 
MSO4IOO  HaO)  +^009--114=--105  ;  that  is,  whilst  the 
value  of  Eh  is  -821  (corresponding  with  93200-55960= 
37240  gramme-degrees  per  gramme-molecule),  the  effective 
E.M.F.  ofthecellisonly  -821- •105  =  ^716  (mean  observed 
value  ='715  volt). 

It  should  consequently  result  that,  if  a  cell  be  set  up  with 
an  electro-silver  plate  immersed  in  saturated  silver-sulphate 
solution  opposed  to  bright  iron  in  an  equally  strong  ferrous- 
sulphate  solution,  viz.  '042  FeSO*  100  H,0,  the  value  of  *i— A^ 
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will  be  largely  negatiye,  approximating  to  —•351— '148= 
— *499  ;  so  that  as  Eh  is,  in  this  case,  1*605  (corresponding 
with  93200—20390=72810  gramme-degrees  per  gramme- 
molecule),  the  eflfective  E.M,F.  will  be  near  to  l-605--499= 
1*106  volt.  In  point  of  fact,  a  number  of  such  cells  gave  on 
examination  the  average  value  1*103  with  a  probable  error  of 
±•003  volt. 

Effect  of  varying  the  Plate-surface  inlronH^opperstdphate  CelU  ; 
and  Rate  of  Depreciation  ofE.M^F.  of  such  CelU  with  increasing 
CurrerU-density. 

176.  Some  experiments  were  carried  out  precisely  as  de- 
scribed in  §§  115, 124,  and  131,  with  cells  set  up  with  polished 
iron  plates  immersed  in  a  strong  solution  of  ferrous  sulphate 
opposed  to  electro-copper  plates  in  copper-sulphate  solution. 
The  values  obtained  show  that,  whilst  with  zinc-copper,  zinc- 
cadmium,  cadmium-copper,  zinc-silver,  and  copper-silver  cells 
halving  the  area  of  the  plate  on  which  metal  is  deposited  usually 
causes  a  greater  decrease  in  the  E.M.F.  for  a  given  rate  of 
current-flow  than  is  caused  by  halving  the  area  of  the  other 
plate,  the  reverse  is  the  case  with  iron-copper  cells.  Thus, 
for  example,  in  one  experiment  the  following  numbers  were 
obtained,  and  similarly  in  other  cases  : — 


Current  in  micro- 
ampdres. 

Effect  of  halTing  area  of  the 

Iron  plate. 

Copper  plate. 

500 

1000 

2000 

5000 

10,000 

•008 
•010 
•012 
•017 
•027 

•005 
•006 
•008 
•012 
•021 

With  iron-copper-sulphate  cells  the  rate  at  which  the 
E.M.F.  of  the  cell  diminishes  as  the  current-density  increases 
is  distinctly  more  rapid  than  with  cadmium-copper-sulphate 
cells,  or  with  Daniel]  cells  (zinc-copper-sulphate):  thus,  for 
instance: — 


Digitized  by 


Google 


304 


HE8SR8.  WBIOHT  AND  THOHPSON  OK  THE 


Bate  of  current-flow 

in  microamperes  per 

Average  E.M.F. 

FaU  in  E.M.F. 

square  centimetre. 

0 

•711 

20 

-708 

•003 

40 

•698 

•013 

100 

•685 

■026 

200 

•671 

•040 

400 

•656 

•056 

1000 

•632 

1079 

2000 

•604 

•107 

It  is  noticeable  that  the  substitution  of  dilute  sulphuric  acid 
for  ferrous-sulphate  solution  in  an  iron-copper  cell  uniformly 
tends  to  lower  the  E.M.F.,  also  rendering  the  cell- values  less 
permanent  and  subject  to  wider  ranges  of  fluctuation  than 
before,  probably  on  account  of  the  ^'  local  action  '*'*  of  the  acid 
on  the  iron  ;  a  similar  result  is  also  brought  about  by  the 
substitution  of  dilute  hydrochloric  acid  for  ferrous-chloride 
solution  in  cells  containing  iron  and  other  metals  with  chloride 
solutions. 

VI.  Magnesium* 

177.  Two  sets  of  cells  were  examined  containing  bright 
magnesium  (wire)  immersed  in  magnesium-sulphate  solution 
opposed  to  amalgamated  zinc  and  electro-copper  in  their  sul- 
phate solutions  respectively,  the  solution-strength  being  1*0 
MSO4  100  HjO  throughout. 

The  galvanometer-readings  showed  a  slight  increase  in  each 
case  as  time  elapsed  after  first  setting  up;  the  following  figures 
represent  the  mean  readings  of  each  cell  during  the  first  half 
hour  after  setting  up,  reduced  to  volts  : — 


Magnesium-Zinc. 

Magnesium-Oopper. 

Maximum  mean  reading  ... 
Minimum     „          ,, 
Average       „          „ 
Probable  error 

•740 

•713 

•724 

±•0042 

1-854 
1-827 
1-840 
±•0041          j 
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Hence  the  following  valnations  of  the  voltaic  constant  result; 
these  values  are  negative,  since  zinc  acquires  the  higher,  and 
magnesium  the  lower  potential : — 

Zinc-Magnesium  cell  — *724 

Magnesium-Copper +Zinc-Oopper...  4  Ti.-iij  [  —•726 

Means— -725 

Julius  Thomsen  finds  Mg,  0,  SO^  aq.  =  180180  for  -25 
MgS04  100  HgO,  whence  for  this  strength  Eh= -1-634. 
Moreover,  he  finds  practically  no  difference  between  the  heats 
of  dilution  of  magnesium  and  zinc-sulphate  solutions  of  strength 
I'O  MSO4  100  HjO,  so  for  this  strength  also  Eh  sensibly 
=  — 1*634.  Hence  the  thermovoltaic  constant  for  bright 
magnesium  in  1*0  MgSOi  100  HjO  is 

^.725-(-l-634)=+-909. 

VII.  Aluminium. 

178.  Two  sets  of  cells  were  examined,  containing  bright 
aluminium  plates  opposed  to  amalgamated  zinc  and  electro- 
copper  respectively,  immersed  in  sulphate  solutions  of  strength 
'5  MSO4 100  HjO  (instead  of  using  aluminium  sulphate,  pure 
potash  alum  was  employed,  the  potassium  sulphate  present 
therein  being  left  out  of  consideration  in  valuing  the  molecular 
strength).  From  the  heat  of  formation  of  aluminium-sulphate 
solution  being  greater  than  that  of  zinc-sulphate,  it  might 
naturally  be  expected  that  zinc  would  acquire  the  higher 
potential,  as  with  magnesium-zinc  cells  ;  but  this  was  not  the 
case,  aluminium-zinc-sulphate  cells  resembling  cadmium-iron- 
sulphate  cells  (§  175)  in  that  the  current  actually  generated 
flows  in  the  direction  opposite  to  that  predicable  from  the  heats 
of  formation  of  the  electrolytes  :  for  this  reason  the  cell- values 
are  marked  with  the  —  sign.  The  following  figures  represent 
the  mean  readings  during  the  first  half  hour  after  setting  up: 
with  aluminium-zinc  cells  the  readings  slightly  diminished  in 
numerical  value  as  time  elapsed,  and  vice  versa  with  the  copper- 
aluminium  cells  : — 
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1   Zino-ilumtnium. 

Alaiiiiiiiuiii<Ooiiper. 

Maximum  meui  reading ... 
Minimum     „         „ 

Probftble  error 

-•648 
-•626 
-•638 
±0034 

+•688 
+•666 
+•678 
±0030 

From  these  figures  the  following  valoations  of  the  voltaic 
constant  result ;  this  constant  is  of  +  sign,  since  alnminiana 
acquires  the  higher,  and  zinc  the  lower  potential : — 

Zinc-Aluminium » +*538 

Zinc-Copper— Aluminium-Copper  -J  ^.k-tq  \  =+'536 

Mean  =  +  "537 

Julius  Thomsen  finds  that  Alf,  0,  S0|  aq.  =:  150630;  whence 
Eh=— '982  volt.  This  value  is  probably  not  strictly  appli- 
cable in  the  case  of  the  cells  now  under  discussion  (which 
contained  potash  alum  and  not  aluminium  sulphate);  but  the 
error  introduced  by  taking  this  value  is  but  small  as  compared 
with  the  thermovoltaic  constant  deduced,  viz. 

.537«(-..982)=: +  1-519. 


YIII.  MereuroiLS»ZinC''Sulphaie  CeU$. 

179.  A  number  of  cells  were  examined  consisting  of  amal- 
gamated-zinc plates  immersed  in  zinc-sulphate  solution  on  the 
one  side,  and  of  pure  mercury  with  a  magma  of  mercurous- 
sulphate  and  zinc-sulphate  solution  on  the  other^  the  zinc 
sulphate  being  of  the  same  strength  on  each  side  :  with  these 
cells  the  E.M.F.  continually  fell  as  the  solution-strength  rose  *. 

*  It  may  be  noticed  that  mexcurouB  sulphate  is  about  three  times  as 
soluble  in  saturated  zinc-sulphate  solution  as  in  distilled  water.  Three 
saturated  solutions  gave,  on  analysis,  numbers  represented  by  the  following 
formulae : — 

DistiUed  water -0017  Hg^SO^  100  H,0. 

Zin(>-sulphate  solution^    about   one- 
third  saturated -0042  Hg^SO*,  2-0  ZnSO*,  100  H,0. 

Saturated  zinc-sulphate  solution    ..  •OOSiHg^SO^;  5^75  ZnSO,,  100  H^O. 
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It  is  evident  that  these  cells  differ  but  little  from  a  cold- 
prepared  Clark's  celly  the  essential  difference  being  that  in  the 
latter  the  zinc  rod  is  not  coated  with  flaid  mercnry  to  begin 
with^  and  is  immersedy  not  in  pare  zinc-sulphate  solution,  but 
in  the  same  magma  of  mercurous-sulphate  and  zinc-sulphate 
solution  as  surrounds  the  mercury.  This  difference  in  con- 
struction gives  rise  to  a  slight  difference  in  E.M.F.  with 
weaker  solutions  of  zinc  sulphate,  the  Clark's  cell  uniformly 
reading  lowest ;  with  saturated  or  very  strong  solutions  the 
difference  between  the  two  kinds  of  cell  is  less  than  the  expe- 
rimental errors.  Thus  the  following  average  values  were 
obtained  as  the  voltaic  constants  of  mercury  in  contactwith  mer- 
curous  sulphate  and  m  ZnS04  T^OO  HsO,  and  as  the  E.M.F.'s 
of  cells  like  Clark's  but  set  up  with  m  ZnSO^  100  H^O  instead 
of  saturated  zinc-sulphate  solution : — 


m. 

Voltaic  conutant. 

E.M.F.  of  Clark's  oelL 

VolL 

Volt. 

5-75 

1-457 

1-457 

4-89 

1-462 

1-462 

4-33 

1-466 

1-466 

3-58 

1-471 

1-469 

2-7 

1-477 

1-476 

•1 

1-514 

1-510 

The  heat  of  formation  of  mercurous  sulphate  being  unknown, 
the  corresponding  thermovoltaic  constants  cannot  be  exactly 
calculated  ;  in  all  probability,  however,  the  value  of  Eh  is  near 
to  1'202  volt,  the  value  for  mercurous-zinc-nitrate  cells,  when 
?n=s-25  (§  192),  so  that  the  thermovoltaic  constant  is  a  large 
positive  quantity,  near  to  +  '25  volt  at  least. 

B.   Voltaic  and  Thermovoltaic  Constants  of  Metals  immersed 
in  Solutions  of  their  Chlorides. 

I.  Cadmium. 
180.  A  number  of  cells  were  set  up  with  amalgamated-zinc 
and  electro-cadmium  plates,  and  solutions  of  equal  molecular 
strength,  m  MClj  100  HjO,  on  each  side,  and  examined  pre- 
cisely as  before.  The  following  average  values  were  obtained, 
the  probable  error  in  each  case  being  from  ±  *001  to  ±  '002 
volt.      The  values  of  Eh  annexed  are  calculated  from  the 
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heat-valaations  of  Julius  Thomsen,  viz.  Zn,  Cl^aq.^  112840, 
and  Cd,  Cls  aq.  =  96250,  for  molecular  strengtib  '25  MGlt 
100  H2O ;  so  that  the  heat  of  displacement  of  cadmium  by  zinc 
from  chloride  solution  m  OdCls  100  HjO  is 

112840-Ai-(96250-A,)  =  I6590-(Ai-A,), 

where  hi  and  A^  are  the  heats  of  dilution  of  zinc-  and  cadmium- 
chloride  solutions  respectively  from  the  strength  mMClj 
100  H,0  to  -25  MCla  100  H2O:  the  values  of  A,  and  A,  are 
derived  from  the  table  given  in  §  160,  Part  VIII. 


Value  of  m. 

B. 

16690-{Ai-Aa). 

Bh. 

B~Bh. 

•25 

•330 

16590 

•366 

-•036 

•6 

•329 

16190 

•357 

-•028 

1-0 

•324 

15340 

•338 

-•014 

2-0 

•316 

13890 

•306 

+  •009 

40 

•307 

12290 

•271 

+■036 

60 

•296 

11390 

•261 

+•045 

80 

•262 

10890 

•240 

+•022 

It  is  here  evident  that  whilst  the  voltaic  constant  for  cad- 
mium-zinc-chloride  cells  continually  diminishes  as  the  solu- 
tion-strength increases,  the  value  of  Eh  diminishes  still  more 
rapidly ;  so  that  the  thermovoltaic  constant  is  negative  for 
weaker  solutions  and  positive  for  stronger  ones,  the  actual 
values  of  this  constant  being  somewhat  larger  than  those 
observed  with  zinc-cadmium-sulphate  cells  (§  172),  but  still 
always  under  5  centivoltj^.  With  the  sulphate  cells  the  values 
of  the  constant  were  opposite  in  sign,  viz.  positive  for  weaker, 
and  negative  for  stronger  solutions. 

II.   Copper. 

181.  On  immersing  a  plate  of  clean  metallic  copper  in  a 
strong  solution  of  cupric  chloride,  the  plate  speedily  becomes 
visibly  coated  with  a  film  of  sparingly  soluble  cuprous  chloride 
formed  in  virtue  of  the  reaction 

Cu  +  CuCl,=Cu,Cl,. 

With  weaker  solution  the  actual  deposition  of  cuprous  chlo- 
rides in  the  solid  state  is  not  always  noticeable,  although  its 
formation  and  presence  are  readily  detected  analytically.     It 


Digitized  by  VjOOQIC 


DBTBRMIKATION  OF  CHEMICAL  AFFINITT.  309 

is  hence  evident  that  any  cell  containing  as  one  half  a  solution 
of  capric  chloride  and  a  copper  plate  most  reallj  contain  as 
the  electrolyte  on  this  side  a  mixture  of  cuprous  chloride  with 
more  or  less  cupric  chloride^  the  film  of  fluid  in  immediate 
contact  with  the  copper  plate  containing  but  little  if  any  of 
the  latter  salt  in  solution.  In  point  of  fact,  on  examining  a 
number  of  similar  cells  set  up  with  electro-copper  plates 
immersed  in  *25  CuCIs  100  HjO  on  the  one  side  and  amalga- 
mated-zinc plates  immersed  in  *25  ZnCl^  100  H^O  on  the 
other^  values  were  obtained  fluctuating  between  1*083  and 
1'106  volt ;  whilst  another  series  of  analogous  values  flue* 
tuating  between  almost  exactly  the  same  limits^  and  averaging 
practically  the  same  value^  was  obtained  with  a  corresponding 
set  of  cells  in  which  the  copper  plate  was  immersed,  not  in 
cupric-chloride  solution  alone  to  begin  with,  but  in  a  magma 
of  cuprous-chloride  crystals  suspended  in  '25CttCls  100  HjO*. 
The  values  of  the  two  series  of  observations  combined  were  as 
follows : — 

Maximum  E-M.F M06 

Minimum        „         1*083 

Average  „         1'0985 

Probable  error  of  average  value       •     .  ±'0018 

It  is  noticeable  in  this  connection  that  precisely  analogous 
results  were  obtained  with  otlier  sets  of  cells,  containing,  on 
the  one  hand,  cupric  chloride  alone,  and  on  the  other  a  magma 
of  cuprous-chloride  crystals  and  cupric  chloride,  when  op- 
posed to  cadmium;  whilst  similarly  various  mercury  cells 
gave  substantially  the  same  values  whether  pure  metallic 
mercury  and  corrosive-sublimate  solution  were  used,  or  mer- 
cury and  a  magma  of  calomel  and  corrosive-sublimate  solution 
(§  183). 

It  results  from  the  above  average  value  that  the  voltaic 
constant  for  electro-copper  immersed  in  '25  CuCla  100  HjO 
(or,  what  is  the  same  thing,  a  magma  of  this  solution  and 
crystals  of  cuprous  chloride)  is  4- 1'0985,  when  referred  to 
amalgamated  zinc  immersed  in  *25  ZnCIs  100  H^O  as  zero. 

^  The  cuprous  chloride  was  prepared  by  boiling  together  copper- 
sulphate  solution  with  common  salt  and  spongy  copper,  filtering  hot| 
and  allowing  cuprous  chloride  to  crystallize  out  on  cooling. 
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Sensibly  the  same  valae  resalts  as  the  sum  of  the  E.M.F.'s 
of  zinc-cadminm  and  cadmium-copper  cells  in  solutions  of 
strength  -25  MCI,  100  H,0  throughout.  With  the  latter  cells 
the  following  numbers  were  obtained : — 

Maximum *778 

Minimum '756 

Average -769 

Probable  error  .     .     .     .±-0018 

Voltaic  constant  from  Zinc-copper  cells  ....    =1*0985 
Do.  from  Zinccadmiom  +  CadmiumO  .33^         ^^^.^gg 
copper  cells J 

Mean     .     .     .    =1-099 

The  heat  of  displacement  of  copper  from"^  cuprous  chloride 
by  zinc  with  formation  of  '25  ZnOl,  100  HsO  results  from 
Thomsen^s  values,  thus : — 

Zn,  CI,,  aq.     .     .     •     112840 
Cu„Cl,     .     .     •    .      65750 

47090=1-038  volt. 

Whence  the  thermovoltaic  constant  for  electro-copper  in  con- 
tact with  cuprous  chloride  suspended  in  cupric-chloride  solu- 
tion of  strength  '25  CuCl,  100  HjO  is  1-099-1-038=  +-061. 
The  experiments  detailed  in  §  174  indicated  that  when  lead- 
sulphate  was  suspended  in  cadmium-sulphate  solution  a  higher 
E.M.F.  was  observed,  ccBteris  paribtis,  with  zinc-lead-sulphate 
cells  than  when  zinc-sulphate  solution  was  employed  ;  from 
which  it  would  seem  probable  that,  if  cuprous  chloride  be  sus- 
pended in  zinc-,  cadmium-,  and  copper-chloride  solutions  in 
three  zinc-copper-chloride  cells  otherwise  alike,  the  E.M.F. 
will  be  smallest  in  the  first  case  and  greatest  in  the  last.  This 
is  in  fact  the  case.  The  following  values  were  obtained  in  a 
number  of  experiments  on  the  point,  indicating  that  the  use 
of  cadmium-chloride  solution  gives  values  intermediate  be- 
tween those  obtained  with  zinc-  and  copper-chloride  solutions 
respectively.  The  solotions  were  in  all  cases  of  strength 
•25MC1,  lOOHjO. 
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OujOl^  Buspended  in 
siiu)  chloride. 

Cu.Ol,  suspended  in 
oadmium  chloride. 

Maximum  E.M.F. ... 
Minimum      „ 
Arerage         „       ... 
ProbaUe  error   

•983 

•»80 

•988 

±•0028 

1-011 
•983 
1-001 
±  -0035 

Hence  the  thermovoltaic  constants  for  electro-copper  in 
contact  171  ith  caprons  chloride  suspended  in  zinc-  or  cadmium- 
chloride  solutions  of  strength  '25  MCl^  100  H^O  are  negative 
in  sign,  viz. : — 

Suspended  in  zinc-chloride  solution 
„  cadmium  ,,  „ 


•988-l-038=--050 
1-001 -1-038= -'037 


It  should  hence  result  that  cells  set  up  with  electro-cadmium 
immersed  in  -25  OdCl^  100  HjO  on  the  one  side,  and  on  the 
other  side  electro-copper  immersed  in  a  magma  of  cuprous 
chloride  suspended  in  zinc-chloride  solution  of  the  same 
strength,  will  have  an  E.M.F-  of '672--050-(--036)=:-658 ; 
and,  similarly,  that  analogous  cells  set  up  with  cuprous 
chloride  suspended  in  cadmium-chloride  solution  will  have 
an  E.M.F.  of  -672--037-(— 036)=-671  (-672  being  the 
E.M.F.  corresponding  with  the  heat  of  displacement  of  copper 
from  cuprous  chloride  by  cadmium  =  96250  —  65750 = 30500). 
On  setting  up  a  number  of  such  cells  the  following  values 
were  obtained,  the  averages  being  sensibly  identical  with 
those  thus  calculated : — 


CugOlj  suspended  in 
sine  chloride. 

CuaOla  suspended  in 
oadmium  chloride. 

MaiimumB.M.F 

Minimum      „      

ATerage         „      

Probable  error 

-667 
•654 
-669 

±■0027 

•674 

•666 

•671 

±0016 

It  is  noticeable  in  connection  with  these  values,  that  whereas 


Digitized  by 


Google 


312 


MESSRS.  WRIGHT  AlID  THOMFSOK  OK  THE 


zmc-cadminm,  cadminm-copper^  and  zinc-copper  cells  set  np 
with  sulphate  solutions  of  various  strengths  possess  E.M.F^s. 
in  no  case  differing  by  more  than  ±'010  volt  from  the  values 
calculated  from  the  difference  betw^een  the  heats  of  formation 
of  the  two  electrolytes,  the  divergence  between  the  two  values 
is  usually  much  greater  when  corresponding  cells  are  set  up 
with  chloride  solutions.     Thus,  for  example : — 


Calculated. 

Obdcrred. 

Difference. 

ZincCadmium  (-25  MOlj  100  H^O)   . . . 

Do.         (SOMOlalOOH^O) 

Zinc-OoDDer  CGiuCl.  ID  ZnCL') 

•366 

•261 

1038 

1-038 

1038 

•672 

•672 

•672 

•830 
•296 
•988 
l-OOl 
1099 
•659 
•671 
•769 

—036 
+•045 
-O50 
-•037 
+  061 
-•013 
-•001 
+097 

Do.        ^Oa^OLinCdOU  

Do.        (Oa>01«  in  CuCl.,)  

Oadmium-Copper  (Oa^Cla  in  ZnOlJ... 

Do.            {Ou,ClainOdCla)- 
Do.            (Cu.^OL,  in  CuOLJ ... 

III.  SUver. 

182.  A  number  of  cells  were  set  up  with  amalgamated-zinc 
and  zinc-chloride  solution  on  one  side,  and  on  the  other  side 
electro-silver  immersed  in  a  magma  of  freshly  precipitated, 
welU washed  silver  chloride,  suspended  in  zinc-chloride  solution. 
The  following  values  were  finally  obtained  for  cells  where  the 
zinc-chloride  solution  is  of  the  same  strength,  mZnCljlOO  HjO, 
on  each  side.  The  probable  error  is  in  all  cases  below 
±•003. 

The  thermovoltaic  constants  for  electro-silver  thus  immersed 
are  calculated  from  the  heat  of  displacement  of  silver  from 
silver  chloride  by  zinc  forming  mZnCls  100  HjO,  viz. : — 


where 


112840-58760-A=54080-A; 

112840= Zn,  Cljj,  aq.  (m='25), 
58760=Ag„  CI2, 

h     =heat  of  dilution  of  mZnCl,  100  H,0  to 
•25ZnCl,  100H,O(§160). 
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m. 

h. 

54060-A. 

Bh. 

E. 

B-Bh. 

•25 

0 

54080 

1192 

1-080 

-112 

•6 

400 

53680 

1184 

1-068 

-•116 

1-0 

1250 

52830 

1166 

1049 

-116 

3-0 

3800 

60280 

M09 

1-026 

-083 

6-0 

5300 

48780 

1076 

1014 

-•062 

Hence  it  results  that  both  the  voltaic  and  thermovoltaic 
constants  diminish  in  value  as  the  solutions  become  stronger; 
and  that  whilst  the  thermovoltaic  value  of  silver  in  contact 
with  silver  chloride  (suspended  in  zinc-chloride  solution)  is 
negative  in  sign  as  with  the  sulphate,  its  numerical  value  is 
considerably  less  than  in  that  instance. 

Some  cells  were  next  examined,  containing  on  the  one  side 
electro-silver  plates  immersed  in  a  magma  of  silver  chloride 
suspended  in  zinc-chloride  solution,  and  on  the  other  side 
electro-copper  or  electro-cadmium  in  their  respective  chloride 
solutions,  the  solutionnstrength  being  •25MOl2lOOHjO  through- 
out. The  following  values  were  obtained,  sensibly  agreeing 
with  the  value  —'112  for  the  thermovoltaic  constant  above 
obtained  with  zinc-silver-chloride  cells  for  this  molecular 
strength.  It  is  to  be  noticed  that  the  values  of  Eh  with  these 
two  kinds  of  cells  respectively  are  •827  and  '154,  correspond- 
ing with  the  heat-evolutions  96250-58760=37490,  and 
65750-58760=6990.  In  the  former  case  En-f  (/fci-Jtj,)  is 
positive  in  sign,  in  the  latter  case  negative ;  so  that  the  copper- 
silver  cells  are  analogous  to  the  zino-cadmium-sulphate  and 
cadmium-iron-sulphate  cells  above  described,  in  that  the  metal 
actually  acquiring  the  higher  potential  is  not  the  one  predic- 
able  from  the  formation-heats  of  the  electrolytes,  but  the 
other  one — a  result  indicated  by  the  —  sign  prefixed  to  the 
values  of  E. 
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Cadmium -Silrer. 


Copper-Sflrer. 


Mftrimum  B.MJP.  obeerred. 
MinimuiD       „           » 
A?erage          „           »»       • 
Probable  error 


Value  of  thermoToItaie  con- 
stant  deduced  from  average « 
obwrred  E.M.F. 


.761 
•380 


+1-081 
-1-192 


•768 

•743 

•761 

±0017 


-111 


-  -020 
+  1-099 


+  1-079 
-1192 


-017 
-•025 
-•020 
±•0015 


-113 


The  general  average  of  the  three  values  —•112,  —•111,  and 
—'113  thus  obtained  with  zinc-silver,  cadmium-silver,  and 
copper-silver  cells  respectively  is  —'112,  representing  the 
thermovoltaic  constant  for  electro-silver  in  contact  with  preci- 
pitated silver  chloride  suspended  in  zinc-chloride  solution  of 
strengfli  -25  ZnCI,  100  H,0. 

In  precisely  similar  fashion  six  other  kinds  of  cells  were 
examined,  containing  respectively  zinc  in  zinc-chloride,  cad- 
mium in  cadmium-chloride,  and  copper  in  cupric-chloride 
solutions,  opposed  in  one  series  to  silver  immersed  in  silver 
chloride  suspended  in  cadmium-chloride  solution,  and  in  the 
other  to  silver  immersed  in  silver  chloride  suspended  in  capric- 
chloride  solution,  the  solution-strength  being  *25MCIs 
1 00  H^O  throughout.  In  the  copper-silver  cells,  where  the 
silver  chloride  was  suspended  in  cadmium-chloride  solution, 
the  same  peculiarity  is  observable  as  when  suspended  in  zinc- 
chloride  solution,  viz.  that  the  copper,  and  not  the  silver, 
acquires  the  higher  potential ;  but  where  the  silver  chloride 
is  suspended  in  cupric-chloride  solution  this  is  not  the  case, 
the  silver  here  acquiring  the  higher  potential,  and  the  current 
flowing  in  the  direction  predicable  from  the  heats  of  formation 
of  the  electrolytes,  and  not  in  the  opposite  direction.  The 
following  values  were  obtained  : — 
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Silrer  Chloride  suspended  £n  Cadmium-Chloride 
Solution. 

Zino-Silrer. 

Cadmium- 
SilTer. 

Copper-Silver. 

Maxiinuni  ,.......rTt-..T 

1*091 

1-082 

1-088 

±  -0010 

•766 

•767 

•761 

±•0010 

—009 
—014 
-•010 
±•0012 

Minimum t . . .  t . . 

ATerage 

Silver  Chloride  suspended  in  Cupric-Chloride  Solution. 

Maximum  , 

1139 

1128 

1136 

±  -0017 

•809 

•806 

•807 

±•0006 

+  038 
+  031 
+  035 
±•0016 

Minimum    -r...,,.-...-.r 

Arerage 

From  these  figures  the  following  concordant  values  result 
for  the  thermovoltaic  constsints  of  electro-silver  immersed  in 
silver  chloride  suspended  in  cadmium  and  copper  chlorides 
respectively : — 


Silver  Chloride  suspended  in  Cadmium-Chloride  Solution. 

E. 

Eh. 

E-Eh. 

Zino-SilTer  cells 

1-088 

+  -330 /^^^ 
+  1*099  1  -1.000 

Average  1-089 

1192 
1192 
1192 

-•104 
-101 
—103 

Cadmium^ilver+Zino-Cadmium  I 
Copper-Silver +Zino-Copper   ...  j 

-103 

Silver  Chloride  suspended  in  Cupric-Chloride  Solution. 

Zino-Silver  oellfl 

M39 

+  -330  r^^^ 

+l-099\  -i.tQ^ 

+  -oss/^*^ 

Average  1*137 

1192 
1192 
1-192 

--058 
-066 
—068 

r 

Cadmium-^ver+Zinc-Cadmium 
Copper-Silver + Zinc-Copper 

-*055 
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It  is  noticeable  that  suspending  silver  chloride  in  zinc-,  cad- 
mium-, or  copper-chloride  solution  affects  the  E.M.F.  of  a  cell 
in  the  same  way  as  the  use  of  the  same  fluids  for  the  suspen- 
sion of  cuprous  chloride  (§  181),  viz.  that  the  E.M.F.  is  lowest 
with  zinc  and  highest  ^*ith  copper-chloride  solution. 

Since  the  E.M.F.  of  a  zinc-silver-chloride  cell  continuallj 
diminishes  as  the  solution-strength  rises  Just  as  with  a  Clark's 
cell  (§  179),  it  is  evident  that  De-la-Rue  and  Miiller's  cell 
must  possess  an  E.M.F.  variable  with  the  strength  and  nature 
of  the  solution  used.  A  number  of  rods  of  pure  silver  chlo- 
ride fused  round  strips  of  pure  silver  were  obtained  from 
Messrs.  Johnson  and  Matthey,  and  set  up  opposed  to  zinc  and 
cadmium  in  various  solutions  of  their  chlorides  respectively. 
Variations  of  4  to  5  centivolts  were  observed  in  the  E.M.F.'s 
of  such  cells  with  different  silver-chloride  rods,  everything 
else  being  the  same,  and  the  observations  being  made  with  the 
electrometer  to  avoid  possible  diminution  in  E.M.F.  The 
average  values  found  were  slightly  lower  than  those  found 
with  the  same  solution-strengths  and  precipitated  silver  chlo- 
ride, as  might  perhaps  be  expected,  inasmuch  as  the  silver 
strips  inside  the  fused  rods  were  not  electro-coated  but  were 
of  bright  metal,  which  has  been  found  in  the  case  of  sulphate- 
cells  to  give  lower  values  than  electro-coated  metal  (§  125). 


Zinc-Silver. 

Oadmium-Silver. 

•25Zn01a 
100  H,0. 

2-OZnOL 
100  H^O. 

•a50da, 

100  H,0. 

2-OOdCl, 
100  H,0. 

1-097 
1-058 
1-076 

1-080 

1-048 

•995 

1-020 

1-087 

•776 
•726 
•760 

•761 

-740 
•714 
•730 

Minimnni  ...T..Tr.T.T... ---..- 

ATorage 

Value  with  precipitated  *! 
silver  chloride  J 

IV.  Mercury, 
183.  When  metallic  mercury  and  corrosive-sublimate 
solution  are  brought  into  contact,  calomel  is  formed  ;  so  that 
bj'  agitating  the  two  together  almost  the  whole  of  the  metal 
and  chlorine  are  removed  from  solution.  Hence  it  is  to  be 
expected  that  the  same  peculiarity  would  apply  to  these  cells 
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as  to  copper  cells  (§  181)^  viz.  that  much  the  same  E.M.F. 
will  be  given  whether  mercury  be  in  contact  with  corrosive* 
sublimate  solution^  or  with  a  magma  of  calomel  and  corrosive- 
sublimate  solution.  In  point  of  fact  this  is  the  case;  cells  set 
up  in  the  two  wajs  with  the  mercury  opposed  to  cadmium 
(or  zinc)  giving  values  as  nearly  identical  as  the  considerably 
wide  range  of  fluctuation  in  E.M.F.  observed  with  different 
cells  would  permit  to  be  deduced.  In  each  case  the  values 
ranged  between  '89  and  '95  volt  (cadmium)^  and  between 
1*21  and  1*28  (zinc).  Combining  the  two  sets  of  cells,  the 
following  values  were  obtained;  the  solution  being  '25  MCI3 
lOOfljO  throughout. 


Zinc-Mercury. 

Oadmium-Mercury. 

Maximum 

1-282 

1-207 

1-256 

±  -0056 

•1H8 

•892 

•929 

±•0053 

Minimnm ,„ 

ATorage 

Probable  error  ... 

From  these  two  values  nearly  the  same  voltaic  constant  is 
deduced  for  mercury  in  contact  with  mercuric-chloride  solu- 
tion (or  with  a  magma  of  mercuric  chloride  suspended  in 
mercuric-chloride  solution)  of  strength  -25  HgClj  100  H^O. 

Zinc-mercury 1*256 

f  *929  1 
Cadmium-mercury  +  Zinc-cadmium  .     \  .qqq  >  =  1*259 


Mean 


.     .     1-257 


Since  Hg„Clj= 82550,  the  value  of  Eh  corresponds  with 
112840—82550=30290  gramme-degrees  for  zinc-mercury- 
chloride  cells,  and  with  96250—82550=13700  for  cadmium- 
mercury-cblorido  cells,  or  '668  and  -302  volt  respectively; 
whence  evidently  both  classes  of  cells  resemble  lead-copper- 
sulpbate  cells  (§  174)  in  actually  giving  rise  to  an  E.M.F. 
greatly  superior  to  that  corresponding  with  the  net  chemical 
change.  The  thermovoltaic  constant  deduced  from  the  above 
mean  voltaic  constant  is  1"257  — '668=  +"589;  so  that  mer- 
cury in  this  class  of  cells  resembles  iron,  aluminium,  and 
magnesium  in  their  sulphate  cells,  possessing  a  large  positive 
thermovoltaic  constant. 
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Some  observationfi  were  next  made  with  cells  containing 
calomel  suspended  in  zino-chloride  solution  in  contact  with 
mercury  on  one  side,  and  amalgamated  zinc  immersed  in  the 
same  zinc-chloride  solution  on  the  other  side.  Like  the 
analogous  zinc-silver-chloride,  zinc-lead-solphate,  and  zino- 
mercury-sulphate  cells  above  described,  the  E.M.F.  of  this 
combination  was  found  to  decrease  as  the  solution-strength 
rises.  Thus  the  following  numbers  were  obtained  with  solu- 
tion-strengths mZnCls  100  HsO;  the  probable  error  being 
from  ±-002  to  ±-003  in  each  case. 


»=  -25 

1-123 

=  1-0 

1-093 

=5-0 

1-043 

=9-5 

•988 

From  these  values  the  following  thermovoltaic  constants 
result,  the  values  of  Eh  being  calculated  from  the  heat-values 
112840-82550-A=30290-A,  where  Ji  is  heat  of  dilution  of 
mZnCl,  100 HjO  to  •25ZnCl2  100  H,0. 


tn. 

h. 

30290-A. 

Eh. 

£. 

E-Eh. 

•26 

0 

30290 

•668 

M23 

+•465 

10 

1250 

29040 

•640 

1093 

+•453 

6-0 

4800 

25490 

•562 

1043 

+•481 

9-5 

6000 

24290 

•636 

■988 

+•462 

Observations  with  cells  containing  electro-cadmium  im- 
mersed in  •25CdClj  100  HjO  opposed  to  mercury  in  contact 
with  calomel  suspended  in  zinc-chloride  solution  of  the  same 
strength  led  to  nearly  the  same  value  for  the  thermovoltaic 
constant  when  m='25  : — 

Maximum  E.M.F.  observed  .     ,  .     -806 

Minimum  „  „  .  .     '791 

Average  „  „  .  .     -799 

Probable  error ±'0030 

Toltaio 

constant  B— En. 

{'7991 

•830  f    ~  1*129  +'461 

Zinc-merourj  cells =  i'123         +'466 

Mean... M26         +-468 
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Substituting  cadmium-chloride  solution  for  zinc-chloride 
solution  as  the  menstruum  in  which  the  calomel  is  suspended 
raises  the  value  of  E,  as  might  be  anticipated  from  various 
analogous  results  above  described.  Thus  the  following  values 
were  obtained  with  zinc-mercurous-chloride  and  cadmium- 
mercurous-chloride  cells  so  set  up,  the  amalgamated- zinc  plates 
being  surrounded  by  zinc-chloride,  and  the  electro-cadmium 
plates  employed  with  cadmium-chloride  solution^  the  solution- 
strength  being  uniformly  -25MCI3  100  HjO. 


Zino-Meroury. 

Gadmium-Mercurj. 

Maximum  S.M.F.  observed 

Minimum      ,,            „        

Arerage         „           „        

Probable  error 

1144 

1137 

1140 

±  -0013 

•815 

•808 

•812 

±•0014 

From  these  figures  the  following  values  result  as  the  thermo- 

voltaic  constant  for  mercury  in  contact  with  calomel  suspended 

in-25CdCl,100H,O:— 

£. 

Zinc-mercury      ....        1'140 

{•8121 
.QQQ  >  1'142 

Mean    .    .     1-141  +-473 


£h. 

•668 

•668 


+  •472 
+  •474 


From  the  values  of  the  heats  of  formation  of  silver  chloride 
and  mercurous  chloride  respectively^  it  might,  h  priorij  be 
expected  that  an  E.M.F.  of  +*525  should  result  (correspond- 
ing with  82550—58760=23790  gramme-degrees)  in  silver- 
roercury-chloride  cells,  silver  acquiring  the  higher  potential. 
On  the  other  hand,  whether  the  silver  chloride  be  suspended 
in  zinc  or  cadmium-chloride  solutions,  and  whether  the  mer- 
curous chloride  be  similarly  suspended,  in  all  four  cases  the 
value  of  ki-^k^  is  not  only  negative,  but  is  numerically 
greater  than  Eh ='525;  so  that,  in  fine,  the  current  flows  in 
the  opposite  direction  to  that  a  prion  predicable,  the  mercury 
acquiring  the  higher  potential.  Then  the  E.M.F.'s  of  the  four 
kinds  of  silver-mercury-chloride  cells  are  as  follows : — 
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Calculated  from  formula  £=Eg-h^|-i:,. 

Obeenred. 

AgOl 
8U8]wiided 

suspended 

Maxi- 
mum. 

Mini- 
mum. 

Are- 

inZnOl^... 

Ditto    ... 
inCdOI,... 

Ditto    ... 

inZnCL,  ... 
inOdOla... 
inZnClj... 
inOdCaj... 

•625+( --112)  - -458=  - -046 
•625-|-(--112)--478=-^060 
.625+(  - -103)  - -458=  - -036 
•525+(- -103)- -473=  -  •Oei 

1      1      i      1 

-■061 
-•062 
-•041 
-•053 

1     1     1      1 

lilt 

Considerably  larger  negative  values  were  obtained  with 
analogous  cells  in  which  mercurous  chloride  was  suspended 
in  mercuric-chloride  solution  instead  of  zinc  or  cadmiam- 
chloride  solution^  as  would  naturally  be  inferred  from  the 
larger  values  of  the  thermo voltaic  constant  in  this  case.  The 
observed  values  ranged  between  —'134  and  —'187,  averaging 
—•167,  that  deduced  as  the  above  being  —•176. 

V.  Lend. 
184.  A  number  of  cells  were  examined,  set  up  with  elec- 
tro-lead plates  immersed  in  saturated  lead -chloride  solution, 
opposed  (a)  to  amalgamated  zinc  in  zinc-chloride  solution; 
(6)  to  electro-cadmium  in  cadmium-chloride  solution ;  (c) 
to  electro-silver  immersed  in  silver  chloride  suspended  in 
zinc-chloride  solution  ;  the  solution-strength  being  '05  MClj 
100 HjO  throughout.     The  following  values  were  obtained: — 


Zinc-Lead. 

Cadmium-Lead. 

Lead-Silrer. 

•596 

•586 

•691 

±0017 

•268 

•248 

•260 

±•0023 

•604 

•484 

•489 

±•0024 

Minimum  

ATemge 

Probable  error  ... 

These  numbers  give  the  following  valuations  for  the  voltaic 
constant  of  electro-lead  in  the  lead-chloride  solution : — 

Zinc-lead        =  -591 

•Zinc-cadmium  -h  Cadmium-lead  .     •260  +  -330  =  -690 
♦Zinc-silver-Silver-lead    .     .     •  1-080--489  =  -591 

Mean     .     .     =  '591 
*  The  zinc-cadmium  and  zinc-ailver  values  are  asaumedto  be  the  same 
for  the  solution-streDgth  used  as  those  above  found  for  somewhat  stronger 
solutions  *25  MCI,  lOOHgO;  the  error  thus  introduced  b  but  small,  if 
not  inappreciable. 
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Since  Pb,  01,  aq.= 75970,  the  value  of  Eh  is  -813  (corre- 
sponding  with  112840-75970  =  36870  gramme-degrees); 
whence  the  ihermovoltaic  constant  for  electro-lead  in  sata- 
rated  lead-chloride  solntion  is  -591— -813=  —-222. 

It  is  noteworthy  that  whilst  ii— A,  is  negative  for  both 
zinc-lead  and  cadmium-lead  cells,  so  that  their  electromotive 
forces  are  notably  below  the  values  corresponding  with  the 
heat-evolution  during  the  net  chemical  change,  the  reverse 
is  the  case  for  lead-silver  cells :  here  the  heat-evolution  is 
75970— 58760=17210  gramme-degrees,  corresponding  with 
•379  volt;  whilst  the  actual  E.M.F.  is  '379 +  (--112) 
-(—•222)= '489  volt  (observed  average  = -489  volt).  So 
that  whilst  lead-silver-sulphate  cells  give  rise  to  electromotive 
forces  considerably  below  the  value  of  Eh  pertaining  to  that 
class  of  cell,  lead-silver-chloride  cells  possess  electromotive 
forces  considerably  above  the  corresponding  value  of  Eh« 

On  substituting  lead-chloride  solution  for  zinc-chloride 
solution  as  the  medium  in  which  silver  chloride  is  suspended, 
but  litde  change  is  produced  in  the  E.M.F.  Thus  a  number 
of  lead-silver-chloride  cells  containing  solution  of  strength 
'25PbCl3  IOOH2O  throughout  gave  values  ranging  from 
•453  to  -522  volt,  and  averaging  near  to  '480. 

Some  lead-copper-chloride  cells  were  examined;  but  for 
some  unknown  reason  they  failed  to  give  concordant  results, 
the  observed  E.M.F.  always  falling  short  of  that  deduced  from 
the  voltaic  constants  for  lead  and  copper  in  chloride-solution 
(viz.  1*099— •591  =  '508).  In  some  cases  the  falling  off  was 
small ;  in  others  it  exceeded  '050:  these  cells,  moreover,  exhi- 
bited no  constancy  even  for  half  an  hour  after  setting  up,  the 
E.M.F.  rapidly  falling  as  time  elapsed.  In  all  cases,  how- 
ever, higher  electromotive  forces  were  observed  than  corre- 
spond with  the  difference  between  Pb,  Ol^aq.  =75970  and 
Ou„  01,=  65750,  viz.  10220  gramme-degree  ='225  volt. 

On  the  other  hand,  numbers  closely  agreeing  with  those 
calculated  from  the  above-described  thermovoltaic  constants 
were  obtained  with  cells  set  up  with  electro-lead  immersed  in 
lead-chloride  opposed  to  mercury  in  contact  with  mercurous 
chloride  suspended  in  zinc-  or  cadmium-chloride  solution,  the 
strength  being  -251101,  100  H,0  throughout.  The  value 
of  Eh   in  these  cells  is   +"145   volt,   corresponding   with 
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82550—75970=6580  gramme-degrees,  the  metal  giving  the 
smaller  heat-valae,  and  conseqaently  acquiring  the  higher 
potential  in  conseqaenoe  of  the  chemical  action,  being  lead. 
Since,  however,  the  thermovoltaic  constant  for  lead  is  —  *222, 
and  that  for  mercury  in  contact  with  mercurous  chloride  sus- 
pended in  zinc-chloride  solution  +  *458,  and  when  suspended 
in  cadmium-chloride  solution  +*473,  the  value  of  ii— Aj  is 
in  each  case  largely  negative,  and  considerably  greater  nume* 
rically  than  Eh.  Hence  the  calculated  electromotive  forces 
for  the  two  cells  are  respectively  •145+(— •222)— '458 
=  --535,and  -145 +  (--222) --473= --550  volt.  The  ob- 
served values  were  —'539  and  —'549  respectively,  t.  e,  electro- 
motive forces  of  '539  and  '550  volt  were  observed,  the  mer- 
cury, and  not  the  lead,  acquiring  the  higher  potential.  These 
cells  are  remarkable  not  only  for  the  large  negative  values  of 
ij— A,,  but  also  for  the  high  negative  values  of  Eh  +  Ai— if, 
exceeding  in  this  respect  all  other  cells  examined  with  the 
exception  of  zinc-aluminium- sulphate  cells  (§  178),  which  gave 
the  numerical  value  •537. 

VI.  Magnesium, 

185.  A  series  of  cells  was  set  up  containing  bright  mag- 
nesium (wire)  opposed  to  amalgamated  zinc  and  electro- 
cadmium  in  their  respective  chloride-solutions,  the  strength 
being  uniformly  -25  MCI,  100  HjO.  The  values  exhibited 
much  greater  fluctuations  as  time  elapsed  than  were  observed 
with  most  of  the  other  cells  examined ;  whilst  the  mean  read- 
ings during  the  first  half-hour  after  setting  up  also  showed 
much  less  concordance,  as  the  following  figures  show.  As  with 
the  sulphate-cells  (§  177),  magnesium  acquired  the  lower 
potential  when  opposed  to  zinc,  and  a  fortiori  when  opposed 
to  cadmium. 


Magnesium-Zinc. 

MAximum 

Minimiiiii  

•771 

•036 

•702 

±•012 

MOl 

•966 

1-030 

±  012 

Average  

Probable  error  ... 
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Hence  the  following  valuations  of  the  voltaic  constant  result, 
these  values  necessarily  being  negative,  as  with  the  sulphate- 
cells  : — 

Zinc-magnesium  cell —"702 

Cadmium-magnesium— Zinc-cadmium    2  "  .q«/!  f  ■—•700 

Mean     .     .     .     — -701 
Julius  Thomsen  finds  Mg,  C]2aq.= 186930  for  solution  of 
strength  •25MgCl2  100 Hj  0;  whence  Eh=  — 1-634.     Conse- 
quently the  thermovoltaic  constant  for  bright  magnesium  in 
contact  with  chloride  solution  of  this  strength  is 

_.701-(-1.634)  =  +-933, 
or,  approximately,  the  same  large  positive  quantity  as  that 
found  with  sulphate  solutions. 

VII.  Aluminium, 
186.  In  precisely  the  same  way  were  two  series  of  observa- 
tions made  with  cells  containing  plates  of  bright  aluminium 
opposed  to  amalgamated  zinc  and  electro-cadmium  immersed 
in  solutions  of  their  chlorides  respectively,  the  solution- 
strength  being  '25  Al|  CI2 100 Hj  0*,  and  equivalent  amounts 
throughout.  As  with  the  magnesium  cells,  the  values  fluc- 
tuated considerably,  so  that  the  final  averages  had  much  larger 
probable  errors  than  usual. 


Aluminium-Cadmium. 

'M'fL-rimum r-r.- 

-•239 
-•352 
-•280 
±•011 

+•091 
-022 
H--050 
±011 

Minimum   „-^ 

ATer&ffe 

Probable  error  

Each  of  these  averages  leads  to  the  same  value,  +  '280,  for 
this  voltaic  constant. 

Zinc-aluminium +*280 

Zinc-cadmium— Aluminium-cadmium -j  _.qc/!  |  +'280 

Mean     .     .     .     -f28Cr 

*  The  aluminium-chloride  solutioii  was  prepared  by  saturating  dilute 
hydrochloric  acid  with  recently  precipitated  well-washed  aluminium 
hydroxide. 

VOL.  VI.  2  C 
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This  constant  being  of  +  sign,  since  alamininm  was  foand  to 
acquire  the  higher  and  zinc  the  lower  potential  (as  with  the 
sulphate-cells,  §  178);  whilst,  on  the  other  hand,  the  readings 
observed  with  the  zinc-aluminium  cells  are  marked  —  above, 
because  this  cell  is  another  example  of  the  case  where 
En+ii— *3  has  a  negative  value,  the  current  actually  set  up 
passing  in  the  direction  opposite  to  that  predicable  from  the 
heats  of  formation  of  the  electrolytes. 

Julius  Thomson  finds  Al|,  CIj  aq.  =  158550,  whence  Eh= 
—  1-008;  consequently 

E-Eh=+-280-(-1-008)= +1-288; 

t.  e,  the  thermovoltaic  constant  for  bright  aluminium  in  contact 
with  its  chloride  solution  is  a  large  positive  quantity,  as  with 
the  sulphate. 

VIII.  Iron. 
187.  Cells  were  set  up  containing  plates  of  nearly  pure 
sheet-iron  (bright)  opposed  to  amalgamated  zinc  and  electro- 
cadmium  in  solution  of  constant  strength  -25MC12  lOOHjO; 
also  to  electro-silver  immersed  in  a  magma  of  precipitated 
silver-chloride  suspended  in  zinc-chloride  solution  of  this  same 
strength.  The  following  numbers  were  obtained  as  the 
average  readings  during  the  first  half-hour  after  setting  up. 


Zino-Iron. 

Cadmium-Iron. 

Silyer-Iron. 

T^ftxiniiiin  ,,,..  , 

497 
•483 
•490 
'±•0030 

-•154 
-•167 
-•157 
±•0027 

•597 

•683 

•692 

±•0033 

"Min^Tnum  ...     , 

Average 

Probable  error  ... 

Hence  the  following  three  valuations  for  the  voltaic  constant 
result ;  the  values  with  the  cadmium-iron  cell  being  marked 
— ,  since  in  this  case  (as  with  the  corresponding  sulphate 
cells,  §  175)  iron,  and  not  cadmium,  actually  acquires  the 
higher  potential. 

Zinc-iron -490 

Zinc-cadmium— Cadmium-iron    .  -!  +-157  \  =  ''^^^ 

Zinc-silver— Iron-silver     .     .     .-j  ...592  {  ~  **^^ 

Mean     .     .     .   ^^88 
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Julius  Thomsen  finds  Fe,  C]2aq.= 99950  for  •25FeCl2, 
lOOHjO;  whence  Eh  =  '284.  Hence  the  thermovoltaio  con- 
stant for  bright  metallic  iron  in  ferrous-chloride  solution  of 
this  strength  is 

E-Bh=s-488--284=:+-2{)4; 

u  e.  it  is  a  considerable  positive  quantity^  as  in  the  case  of  the 
sulphate-cells. 

It  is  noticeable  that  whilst  with  silver-iron  celk  the  value 
of  A,  — Aj  is  negative,  so  that  E  is  considerably  less  than 
Eh,  the  opposite  holds  with  zinc-iron  cells,  tiie  E.M.F. 
actually  set  up  being  not  much  below  double  that  corre- 
sponding with  the  net  heat-development  in  the  cell. 

0.    Voltaic  and  Thermovoltaic  Constants  of  Metah  hnnieraed 
in  Solviions  of  their  JSfitrates, 

I.  Copper. 
188.  A  number  of  cells  were  set  up  with  amalgamated- 
zinc  and  electro-copper  plates,  and  solutions  of  the  nitrates 
of  the  respective  metals  prepared  by  dissolving  pure  metals 
in  nitric  acid,  and  saturating  any  excess  of  acid  by  means  of 
the  metallic  carbonate  freshly  precipitated  from  a  portion  of 
the  respective  solution,  and  well  washed.  The  following  values 
were  obtained  as  the  mean  readings  during  the  first  twenty 
minutes  after  setting  up.  The  readings  during  this  period  did 
not  always  exhibit  constancy,  especially  with  the  weaker  solu- 
tions; but  the  extreme  alteration  usually  only  amounted  to  a 
few  millivolts,  concurrently  with  a  visible  alteration  in  the 
surfaces  of  the  plates.  Strength  of  solutions,  wM(N08)2 
100  H2O. 


«i=-26. 

w=l-0. 

in -2-0. 

m=80. 

M^vTinnnni . , ,  t  t  -  r , 

1-087 
1053 
1066 
±•0036 

1104 

1073 

1-089 

±•0034 

1-112 

1108 

1-109 

±•0005 

1-085 

1-087 

1091 

±•0009 

Miniirmixi . . .  t  • .  r  -  - 

AxBTtLgd 

Probable  error ... 

These  figures  correspond  with  the  following  thermovoltaic 
constants,  the  values  of  Eh  being  deduced  from  the  experi- 
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ments  of  Juliiw  Thomsen,  including  his  valuations  of  the 
heats  of  dilution  of  zific-  and  copper-nitrate  solutions.  The 
difference  between  the  heats  of  formation  of  wM(N0»)8 
lOOHjO  are  given  by  the  formula 

102510-Ai-(52410-A,)=50100-(Ai-A,), 

where  Zn,  0,NAaq.  =  102510,  and  Cu,  0,N,06aq.= 52410 
for  solution-strengths  '25  M(NOs)s,  100  HjO;  whilst  Aj  and  A, 
are  the  heats  of  dilution  of  solutions  of  zinc  and  copper 
nitrate  respectively  from  the  strength  mM(NO8)8l00  HjO  to 
'25M(NO8)2l00H2O. 


m. 

K 

h,. 

50100-(Ai-Aj,). 

Eh. 

E, 

E-Eh. 

'26 

0 

0 

60100 

1105 

1066 

-■039 

10 

-  40 

-  47 

60093 

1106 

1089 

-•016 

2-0 

-132 

-176 

60057 

1-104 

1-109 

+  O05 

80 

+439 

+214 

49875 

1100 

1091 

—009 

It  is  here  noticeable  that  the  thermovoltaic  constant  for 
electro-copper  in  nitrate  solution  has  in  no  case  any  large 
value  ;  whilst  of  negative  sign  for  low-solution  strengths,  it 
becomes  positive  for  stronger  fluids,  and  again  negative  with 
highly  concentrated  solutions,  following  the  variations  in  the 
voltaic  constant,  which  has  a  maximum  value  for  fluids  of 
medium  strength. 

II.  Cadmium. 

189.  Cells  were  set  up  with  electro-cadmium  plates  im- 
mersed in  cadmium-nitrate  solution,  opposed  on  the  one  hand 
to  electro-copper,  and  on  the  other  to  amalgamated  zinc  im- 
mersed in  solutions  of  their  nitrates  respectively,  the  constant 
solution-strength  being  -25  M(N08),  100  H3O.  The  following 
values  were  obtained : — 


Zinc-Cadmium. 

Cadmium -Copper. 

Mn-xiniiiin ,,,,,..., 

•869 
•344 
•851 

±-0026 

.722 

•707 

•713 

±■0024 

MininixiTTi  ,.,.,.,,, 

Average 

Probable  error ... 
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From  these  figures  the  foUowiDg  valuations  result  for  the 
voltaic  constant  of  cadmium  in  nitrate  solution  '25  Cd(N08)9 
100  HsO:— 

Zinc-cadmium *351 

_  Zinc-copper— Cadmium-copper  .     .    1'066— 'TIS  ='353 

Mean    .     .     .     =:*352 

Julius  Thomsen  finds  Cd,  0,  NjOj  aq.  =  86300  (for 
•25  Cd(N08)3 100H,O),  whence  Eh  =  -357.  Hence  the  thermo- 
voltaic  constant  for  electro-cadmium  in  nitrate  solution  of 
this  strength  is 

E-Eh=-352--357=--005. 

It  is  here  noticeable  that  the  value  of  the  thermovoltaic 
constant  is  negative,  as  in  the  case  of  chloride  solution  of 
corresponding  strength,  whereas  it  is  positive  in  the  case  of 
sulphate  solution  of  the  same  strength;  but  in  no  case  is  the 
numerical  value  of  the  constant  large. 

III.  Lead. 

190.  Cells  containing  electro-lead  opposed  to  amalgamated 
zinc  and  electro-copper  in  nitrate  solution  of  strength 
rnUL  (NOs)^  100  HjO  gave  the  following  average  values,  the 
probable  error  in  no  case  exceeding  ±*004,  and  being  usually 
considerably  less : — 


i»«-26. 

«=l-0. 

fn=2-0. 

Zinc-Lead 

•580 
•486 

•688 
•501 

•591 
•619 

Lead-Copper    ... 

These  two  sets  of  figures  lead  to  practically  identical  valua- 
tions of  the  voltaic  constant: — 


W--26. 

w=l-0. 

m=2-0. 

Zino-Lead 

•680 
•580 

•588 
r  1-089  1  ..fl« 
1   •50l|^ 

•588 

•591 
[11091.™ 
1  •590/  ^ 

•591 

Zino-Oopper  -  Copper-Lead 
Mean  ......... 
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Taking  the  valaations  of  Jalius  Tbomseii;  indading  his 
determinations  of  the  heats  of  dilution  of  zinc-  and  lead-nitrate 
solution^  Ai  and  h^  respectively,  the  following  valaes  resalt 
for  Eh,  the  value  of  Pb,  6,  NA  aq.  being  68070  for 
•25Pb(NO8)2l00H,O:— 


m. 

K 

A, 

H. 

Eh. 

E. 

E-Eh. 

•25 

0 

0 

34440 

•759 

•580 

—179 

10 

-  40 

-1274 

33206 

•732 

•588 

-•144 

20 

-132 

-2092 

32462 

•716 

•591 

—125 

Hence  the  thennovoltaic  constant  for  electro-lead  in  nitrate 
solution  is  always  negative  (as  with  sulphate  and  chloride); 
the  numerical  value,  however,  decreases  with  increasing  solu- 
tion-strength, whilst  the  opposite  is  the  case  with  lead  sulphate, 
whether  suspended  in  zinc-  or  in  cadmium-sulphate  solution. 

Lead-copper-nitrate  cells  resemble  lead-copper-sulphate 
cells  in  that  they  give  an  E.M.F.  notably  above  that  calculable 
from  the  net  heat-evolution  taking  place  in  the  cell  due  to 
the  chemical  change.  Similarly  zinc-lead-nitrate  cells  re- 
semble zinc-lead-sulphate  cells  in  giving  values  below  those 
thus  calculable. 

IV.  Silver. 

191.  The  following  mean  values  were  obtained  with  cells 
set  up  with  electro-silver  plates  opposed  to  amalgamated  zinc, 
electro-copper,  and  electro-lead  in  nitrate  solutions  of  strength 
mM(N03)2,  100  HjO  (the  probable  error  ranged  from  ±-(K)2 
to  ±-004  throughout) :— 


m. 

Zinc- Silver. 

Oopper-SiWer. 

Lead-Silver. 

•25 
1^0 
20 

.  1-495 

•  1-540 

1-556 

•429 
•450 
-44*J 

•914 
•951 
•965 

From  these  figures  sensibly  identical  values  result  for  the 
voltaic  constant  of  electro-silver  in  nitrate  solution : — 
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«i= 

•25. 

«i= 

1-0. 

w=20. 

Zinc-SiWer 

f  1-066 
1    429 

'   -580 
-914 

1-495 

1-495 

1494 
1-495 

fl^089 
•450 

f   -588 
]    -951 

1-540 

1-539 

1539 
1-539 

1556 

r  1-109 

•446 
I 1-555 

r  -591 
•965 
[ 1-556 

Zinc-Copper + Oopper- 
Sa?er 

Zino-Lead +L6ad-SilTer 
Mean  ... 

1-556 

The  heats  of  dilution  of  silver-nitrate  solutions  being  as  yet 
undetermined^  the  value  of  Eh  can  only  be  exactly  calculated 
for  the  strength  '25  Ag,(N08),  100  H,0.  The  subjoined 
values  for  the  higher  strengths  are  calculated  on  the  suppo- 
sition that  the  heat  of  dilution  of  silver-  and  zinc-nitrate 
solutions  is  the  same;  so  that  Eh  remains  the  same  for  all 
solution-strengths  Ag„  0,  N3O5  aq.  =  16780. 


m. 

E. 

E^. 

E-Ebt. 

•26 
1-0 
2-0 

1-495 
1-539 
1-556 

1-890 
1-890 
1-890 

--395 
—351 
-•334 

Hence  the  thermovoltaic  constant  for  silver  in  nitrate  solu- 
tion is  not  widely  diiferent  from  that  in  sulphate  solution^ 
being  in  each  case  far  greater  than  that  for  silver  in  contact 
with  silver  chloride,  whether  suspended  in  zinc  cadmium 
or  cuprio-chloride  solution.  With  all  three  kinds  of  silver  salt, 
however,  under  all  circumstances,  the  value  is  negative  in 
sign. 

V.  Mercury, 

192.  Mercuric-nitrate  solution,  like  mercuric  chloride, 
becomes  rapidly  and  completely  converted  into  mercurous 
salt  by  agitation  with  mercury.  In  order  to  prepare  mer- 
curous nitrate  with  but  little  excess  of  acid,  mercury  was 
dissolved  in  nitric  acid,  and  the  crystallized  mass  washed  on 
the  filter-pump  with  a  little  water,  and  then  well  agitated  with 
water  and  mercury.   The  solution  thus  obtained  was  free  from 
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mercuric  nitrate,  and  contained  free  nitric  acid  to  an  amoont 
representing  almost  exactly  one  eighth  of  that  present  as  mer- 
curous  nitrate,  and  was  finally  made  of  strength  '25  Hgj(N08)2, 
•03  Hg(N08)j  100  HjO,  On  setting  up  cells  with  pure  mer- 
cury and  this  fluid,  opposed  to  amalgamated  zinc,  electro- 
copper,  electro-lead,  and  electro-silver  respectively  in  con- 
tact with  solutions  of  their  nitrates  of  constant  strength 
•25  M(N03)3  100  HjO,  the  following  values  were  obtained. 
It  is  noticeable  that  with  the  last  cell  the  current  sometimes 
passed  from  mercury  to  silver  and  sometimes  in  the  opposite 
direction,  the  average  E.M.F.  being  negative, — i .  e,  mercury, 
and  not  silver,  acquiring  the  higher  potential,  contrary  to  the 
result  predicable  from  the  relative  heats  of  formation  of  mer- 
curous  and  silver  nitrates  (viz.  47990  and  16780  respectively 
— Julius  Thomsen),  which  corresponds  with  an  E.M.F,  of 
•688  volt,  silver  acquiring  the  higher  potential.  The  pro- 
bable error  amounted  to  ±'003  to  ±*004  in  each  instance. 


Maximum. 

Minimum. 

ATorage. 

Zinc-Mercury    

Oopper^Mercury  

Lead-Mercury  

1-535 

•470 

•944 

-•041 

1-476 

•410 

•896 

+•019 

1-600 

•433 

•917 

-•004 

Silrer-Mercury  

Practically  identical  values  for  the  voltaic  constant  for 
mercury  in  contact  with  mercurous-nitrate  solution  result  in 
all  four  cases :  — 

Zinc-mercury 1*500 

Zinc-copper  +  Copper-mercury .   -j      .^qq  >  =  1*499 

{•9171 
•580  I  ~1'^^^ 

Zinc-silver— Mercury -silver     .   \  +*004f^^'^^^ 


Mean 


=  1-499 


The  average  value  is  thus  but  slightly  below  that  found  for 
mercury  in  contact  with  mercurous  sulphate  suspended  in  weak 
zinc  sulphate,  viz.  1*514  (§  179). 
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Since  Eh  represents  a  distinctly  less  amount  (1*202  volt)^ 
it  results  thatE  -Eh = 1-499  - 1-202  =  +  -297  ;  {.  e.  the  thermo- 
voltaic  constant  for  mercury  in  contact  with  mercurous- 
nitrate  solutions  is  a  considerable  +  number^  as  found  in  the 
chloride- cells. 

It  hence  follows  that  the  E.M.F.  actually  set  up  in  zinc- 
mercury,  copper-mercury,  and  lead-mercury  nitrate-cells  is  in 
excess  of  that  corresponding  with  the  diflFerence  between  the 
heats  of  formation  of  "the  electrolytes  in  each  case  respectively, 
the  excess  amounts  being  +-297,  +-297— (—•039)= +  '336, 
and  -f  -298  -  (  -  -1 79)  «  +  -477  respectively. 

VI.  Magnesium, 
193.  Two  sets  of  cells  were  examined  containing  bright 
magnesium  (wire),  opposed  to  amalgamated  zinc  and  electro- 
cadmium  respectively,  in  solutions  of  constant  strength 
•25  M(N03)2  100  HgO.  The  following  values  were  obtained, 
the  readings  exhibiting  the  same  kinds  of  fluctuations  as  those 
previously  found  with  magnesium  sulphate  and  chloride  cells. 


Magnesium-Zino. 

Magnesium-Copper. 

Maximum 

•670 

•503 

•531 

±•011 

1-636 

1-569 

1-595 

±011 

Minimum  ..r.. .......... 

Ayerage 

Probable  error 

These  two  sets  of  readings  lead  to  sensibly  the  same  values 
for  the  voltaic  constant,  which  is  negative  (as  with  the  sul- 
phate and  chloride  cells),  since  zinc  now  acquires  the  higher 
potential. 

Zinc-magnesium —•531 

f— 1*5951 
Copper-magnesium    .     .     .    s    .  i.Agg  \      —'529 


Mean      ....  —•530 
Prom  Julius  Thomsen's  figures,  the  heat  of  formation  of 
magnesium-nitrate     solution,    '25  Mg  (NOs)^    100  H^O,    is 
176480,  whence   Eh  =  — 1*631.      Hence  the  thermovoltaic 
constant  is        --530- (-1-630)=  +1101, 
or  positive  to  a  great  extent,  as  with  the  other  magnesium-cells. 
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D.    Voltaic  and  Thermovoltaic  Constants  of  Metals  immerud 
in  SohUions  of  their  Acetates. 

I.  Copper. 

194.  A  nnmber  of  cells  were  set  up  with  amalgamated- 
zinc  and  electro-copper  plates  immersed  in  solutions  of  their 
respective  acetates,  the  constant  molecular  strength  being 
•25  M(CsH808)2H30  *.   The  following  values  were  obtained: — 

Maximum 1*104 

Minimum 1*073 

Average 1'091 

Probable  error      .     .     .  -0029 

Julius  Thomson's  thermochemical  data  lead  to  the  values 
Zn,  0,  2CsH408aq.= 100710,  and  Cu,  0, 2  0«H40«aq.  =  50340; 
whence  Eh=1'111,  corresponding  with  50370  gramme- 
degrees.  Hence  B  —  Eh  =  —  *020  for  electro-copper  in  contact 
with  copper-acetate  solution  of  strength  '25  Cu(CsH30s)f 
100  HgO. 

II.  Lead. 

195.  Two  series  of  cells  set  up  with  electro-lead  opposed  to 
amalgamated  zinc  and  electro-copper  respectively,  with  acetate 
solutions  uniformly  of  strength  -25  M(C,H80«)a  100  H«0, 
gave  the  following  results  ;  the  differences  observed  between 
the  values  obtained  for  different  cells  set  up  in  the  same  way 
being  notably  greater  than  with  most  of  the  other  com- 
binations examined  : — 


Zinc-Lead. 

Lead-Copper. 

Maximum 

•616 

•587 

•608 

±•0048 

•i503 
•471 
•485 

±•0044 

Arerage 

Probable  eiroi"  ......... 

*  Tbe  acetate  solutions  employed  were  prepared  by  dissolving  the 
fireshly-predpitated,  well-wajsbed  carbonates  of  the  metals  in  boiliiig 
dilute  acetic  add  somewhat  stronger  than  that  required,  filtering  after 
cooling,  and  diluting  to  the  proper  extent 
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From  these  average  yalues  the  following  valnations  result 
for  the  Yoltaic  constant  for  lead  in  acetate  solution  of  strength 
•25  PbCCjHsOs),  100  H,0  :— 

Zinc-lead -608 

Zinc-copper— Oopper-lead      .     .   ]  «..485  f  ="606 

Mean  ....     -607 

Hence,  since  Thomson  finds  that  Pb^  0,  20^^03 aq^.= 
65770,  the  value  of  Eh  is  -770,  corresponding  with  34940 
gramme-degrees,  whence 

E-Eh=--163; 

t.  e,  the  thermovoltaic  constant  for  lead  in  acetate  solution  is 
negative,  and  of  nearly  the  same  magnitude  as  in  nitrate 
solution,  or  in  contact  with  lead  sulphate  suspended  in 
zinc  or  cadmium-sulphate  solution  of  corresponding  strength, 
•25  PbX  100  HjO.  In  consequence  the  actual  E.M.F.  of  a 
lead-copper-acetate  cell  exceeds  that  due  to  the  net  chemical 
change  taking  place  therein,  just  as  in  lead-coppernsulphate 
and  lead-copper-nitrate  cells. 

Some  observations  were  made  on  the  rate  of  depreciation 
in  E.M.F.  with  increasing  current-density  in  zinc-lead-acetite 
cells,  with  the  result  of  showing  that  the  average  rate  of  fall 
is  indicated  by  a  curve  lying  between  the  analogous  curves 
obtained  with  zinc-silver-sulphate  and  iron -copper-sulphate 
cells  (§§  130  and  176),  being  below  the  former  and  above  the 
latter,  which,  as  already  shown,  overlie  the  analogous  curves 
obtained  with  zinc-copper-sulphate  and  zinc-cadmium-sulphate 
cells.  It  is  remarkable,  in  this  connection,  that  the  thermo- 
voltaic constants  for  the  metals  silver,  lead,  iron,  copper,  and 
cadmium  in  these  solutions  respectively  follow  in  the  same 
order  as  regards  numerical  magnitude,  though  not  as  regards 
sign: — 

Silver  (in  sulphate  solution)  •     •     -^'351 
Lead  (in  acetate  solution)       •     •     ^'163 
Iron  (in  sulphate  solution)         +'113  to  +'148 
Copper  (in  sulphate  solution)      •     +  '009 
Cadmium  (in  sulphate  solution)  +  '005  to  —'010 
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196. 


Ill,  Silver » 
The  following  values  were  obtained  with  cells  contain- 


ing electro-silver  immersed  in  saturated  silver-acetate  solution 
opposed  to  amalgamated  zinc  and  electro-copper  immersed  in 
their  respective  acetate  solutions,  the  constant  strength  being 
•057  M(C3Hs02)2  100  HjO  :— 


Zinc-Silver. 

Oopper-Silyer. 

MJtudmum  

1-501 

1-486 

1-490 

±-0024 

•404 

•889 

•397 

±0021 

Minimum 

Ayerage 

Probable  error 

From  these  figures  the  following  concordant  valuations 
are  deduced  for  the  voltaic  constant  of  electro-silver  immersed 
in  saturated  silver-acetate  solution  : — 

Zinc-silver 1*490 

*Zinc-copper  4- Copper-silver  .     |        .gg^  1=1-488 


Mean     .     . 


1-489 


The  heat  of  formation  of  silver  acetate  not  being  known, 
the  value  of  Eh  cannot  be  calculated.  Admitting  that  this 
value  is  the  same  as  in  the  case  of  nitrate  cells  of  the  same 
molecular  solution-strength,  viz.  near  to  1-890,  the  value  of 
E— Eh  would  be  —-401  ;  whence  it  is  at  least  evident  that 
the  thermovoltaic  constant  for  electro-silver  in  acetate  solution 
is  a  large  negative  quantity,  comparable  in  magnitude  with 
the  corresponding  constants  found  for  sulphate  and  nitrate 
solutions. 

It  is  noteworthy  that  the  E.M.P.  of  lead-silver-acetate  cells 
deduced  from  the  foregoing  experiments  is  1"489— -607='882 
volt.  On  setting  up  a  number  of  such  cells,  however,  fluctu- 
ating and  inconstant  figures  were  obtained,  usually  averaging 
during  the  first  half-hour  after  setting  up  values  from  "02  to 
•12  volt  below  this  amount;  these  cells  therefore  resembled 

*  Assumed  to  be  the  same  as  the  value  found  for  aolution-stieiigth 
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in  this  respect  the  lead-copper-chloride  cells  above  described 
(§184). 

E.   Voltaic  and  Therfnovoltaic  Constmits  of  Metals  immersed 
in  SoliUions  of  their  Bromides* 

197.  The  experiments  above  described  indicate  that  the 
sign  and  magnitude  of  the  thermovoltaic  constant  for  a  given 
metal  does  not  vary  widely,  whether  the  metal  be  in  contact 
with  its  sulphate,  nitrate,  or  acetate,  whereas  the  values  obtained 
under  these  circumstances  are  often  considerably  different  from 
those  obtained  when  in  contact  with  its  chloride.  In  order  to 
trace  out  whether  the  diflFerent  halogen  salts  exhibit  analogy 
with  these  oxygen-acid  salts,  or  whether  they  diflfer  materially 
amongst  themselves,  a  number  of  cells  were  examined  con- 
taining various  metals  immersed  in  solutions  of  their  respective 
bromides  of  constant  strength  •25MBr2  100  HgO,  or  in  magmas 
of  their  bromides  immersed  in  zinc-bromide  solution  of  this 
strength  (saving  in  the  case  of  lead  bromide,  where  the  sparing 
solubility  necessitated  the  use  of  weaker  solutions). 

I.  Cadmium. 
The  following  values  were  obtained  with  zinc-cadmium- 
bromide  cells : — 

Maximum -319 

Minimum *311 

Average '315 

Probable  error  .     .     .     .  +  -0014 

Julius  Thomson  finds  the  values  Zn,  Brjaq.  =  90960,  and 
Cd,  Br2aq.  =  75640;  whence  Eh  =  *338,  corresponding  with 
15320  gramme-degrees.     Hence 

E-Eh=--028; 

that  is,  the  thermovoltaic  constant  for  electro-cadmium  in 
bromide  solution  of  strength  •25CdBr2  100  HjO  is  a  sriiall 
negative  quantity,  not  quite  so  large  numerically  as  that  for 
the  corresponding  chloride  solution  (viz.  —•036). 

II.  Silver. 

198.  The  following  values  were  obtained  with  cells  set  up 
with  amalgamated  zinc  opposed  to  electro-silver  immersed  in 
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a  magma  of  freshly  precipitated  well-washed  silver  bromide 
suspended  in  zinc -bromide  solution^  the  solution-strength 
throughout  being  •25ZnBrj  100  H,0. 

Maximum '909 

Minimum '901 

Average -906 

Probable  error  .     .     .     .±-0012 

Julius  Thomson  finds  Aga,  Br^ss 45400;  whence  Bh=1'005, 
corresponding  with  45560  gramme-degrees.     Hence 
E-Eh=--099; 

that  is,  the  thermovoltaic  constant  for  silver  in  contact  with 
silver  bromide  suspended  in  zinc-bromide  solution  is  a  notable 
negative  quantity,  slightly  less  numerically  than  the  corre- 
sponding value  for  silver  chloride  suspended  in  equally  strong 
zinc-chloride  solution  (viz.  —  112). 

III.  Lead. 
199.  Two  sets  of  cells  were  examined  containing  electro- 
lead  immersed  in  saturated  solution  of  lead  bromide  of  strength 
•037  PhBr,  100  H^O  opposed  to  amalgamated  zinc  and  electro- 
cadmium  immersed  in  their  respective  bromide  solutions  of 
the  same  strength.     The  following  values  were  obtained  : — 


Zino-Lead. 

Cadmium-Lead. 

Slszxmuni 

•576 

•567 

•571 

±•0014 

•257 

•255 

•256 

±•0001 

"M^iriiTriiini  ..,.r.. 

Average 

Probable  error  

These  figures  lead  to  the  following  valuations  for  the  vol- 
taic constant  of  lead  in  saturated  lead-bromide  solution  : — 

Zino-lead -571 

Zinc-cadmium*  +  Cadmium-lead      .     .<    .  ^^^  >  ='571 


f     3151 
1+256/ 


Mean 


•571 


*  Zinc-cadmium  assumed  to  give  the  same  value  for  this  solutioii- 
strength  as  that  found  above  for  the  somewhat  stronger  solution 
•25CdBr,100H,O. 
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Julius  Thomsen  finds  Pb,  Br,  aq. = 54410;  whence  Eh = '806, 
corresponding  with  36550  gramme-degrees.     Hence 

E-Eh=--235; 

i,  e.  the  thermovoltaic  constant  for  electro-lead  in  saturated 
lead-bromide  solution  is  a  large  negative  quantity^  slightly 
greater  numerically  than  that  for  lead  in  saturated  lead- 
chloride  solution^  viz.  —•222. 

IV.  Mercury. 
200.  When  mercuric-bromide  solution  is  agitated  with 
metallic  mercury,  mercurous  bromide  is  rapidly  formed,  so 
that  in  a  very  short  time  practically  all  mercury  and  bromine 
are  removed  from  solution,  just  as  is  the  case  with  mercuric 
chloride  (§  183).  Cells  were  therefore  set  up  containing 
mercury  in  contact  with  a  magma  of  mercurous  bromide 
(freshly  precipitated  and  well  washed),  suspended  in  zinc- 
bromide  solution,  and  opposed,  firstly,  to  amalgamated  zinc 
immersed  in  zinc-bromide  solution,  and,  secondly,  to  electro- 
silver  in  contact  with  a  magma  of  silver  bromide  suspended 
in  zinc-bromide  solution,  the  solution-strength  being  *25ZnBr3 
100  HgO  throughout.  The  following  values  were  obtained, 
the  current  passing,  in  the  latt.er  case,  in  the  direction  oppo- 
site to  that  predicable  from  the  relative  heats  of  formation  of 
mercurous  and  silver  bromides  : — 


Zino-Mercury. 

Meroury-SilTer. 

JuAxirn  111X1  •••••••••••••■• 

•974 
•969 
•972 

±•0006 

(M     CO     «0    2 

1     1     1    -H 

Arerage 

Probable  error 

These  figures  lead  to  the  following  valuations  for  the  voltaic 
constant  of  mercury  in  contact  with  mercurous  bromide  sus- 
pended in  •25ZnBrj  100  HjO  :— 

Zinc-mercury '972 

Zinc-silver— Mercury-silver   .     -I  4. -066  I  ~^^^ 

Mean.     .     .     .    -972 
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Julius  Thomsen  finds  HgjjBr^s:  68290;  whence  Eh='500 
volt,  corresponding  with  22670  gramme-degrees.     Hence 

E-Eh=+-4:72; 

that  is,  the  thermovoltaic  constant  for  mercury  in  contact  with 
this  bromide  magma  is  a  large  positive  quantity,  somewhat 
greater  than  that  observed  with  the  corresponding  chloride 
magma,  viz.  +*458. 

It  is  noticeable  that  the  heat  of  formation  of  mercurous 
bromide  exceeds  that  of  lead-bromide  solution  (Hgj,  Br^ 
=  68290,  Pb,  Br, aq.  =  544 10,  difference  13880,  corresponding 
with  '306  volt) ;  whilst  the  value  of  ki—k^  for  lead-mercury- 
bromide  cells  is 

-"•235-(  +  -472)  =  --707; 

so  that  En  +  ii— Aj  is  negative  relatively  to  Eh,  being 
=  —•401.  On  examining  various  such  cells  (solution-strength 
=-037MBr,  100  H^O),  the  E.M.F.  was  found  to  be  actually 
of  negative  sign,  the  average  observed  value  being  —'402. 

V.  Iron. 

201.  A  series  of  cells  was  examined  containing  plates  of 
nearly  pure  sheet  iron  (bright)  opposed  to  amalgamated  zinc 
and  electro-cadmium  with  bromide  solutions  of  the  respective 
metals  of  strength  •25MBr3  100  HjO  (the  ferrous -bromide 
solutions  being  prepared  by  agitating  together  pure  spongy 
iron  in  excess  and  weighed  quantities  of  bromine  and  water 
in  a  stoppered  bottle,  filtering  and  using  immediately).  The 
following  numbers  were  obtained  : — 


Zinc-Iron. 

Iron-Cadmium. 

Maximum 

•441 

•401 

•417 

±•005 

—086 
-126 
-103 
±•005 

Minimnm  

ATcraff 0 

As  with  the  cadmium-iron  sulphate  and  chloride  cells,  the 
current  passed  in  the  second  case  in  the  direction  opposite  to 
that  predicable  from  the  relative  heats  of  formations  of  iron- 
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and  cadmium-bromide  solations ;  while  the  E.M.F.  actually 
set  up  in  the  first  case  notably  exceeded  that  similarly  calculable 
from  the  heats  of  formation  of  zinc-  and  iron-bromide  solutions. 
These  numbers  lead  to  the  following  valuations  for  the  voltaic 
constant  for  bright  iron  in  solution  of  strength  '25FeBra 
100  HjO  :— 

Zinc-iron 'il? 

f      *315 1 
Zinc-cadmium  — Cadmium-iron  <    •  .iaq  J- ='418 

Mean   •     .     .     '418 

Julius  Thomson  finds  Fe,Br3aq.  =  78070;  whence  Eh" 
'284  volt,  corresponding  with  12890  gramme-degrees.    Hence 

E-Eh=+-134; 
t.  e.  the  thermovoltaic  constant  is  a  notable  positive  quantity, 
less,  however,  in  magnitude  than  the  corresponding  value  for 
ferrous-chloride  solution  of  the  same  strength,  viz.  +  204. 

VI.  Aluminium. 
202.  A  number  of  cells  were  set  up  with  bright  aluminium 
plates  opposed  to  amalgamated  zinc  and  electro-cadmium, 
immersed  in  their  respective  bromide  solutions  of  strength 
•25  MBrj  100  H2O.  The  readings  exhibited  the  same  fluc- 
tuations as  were  observed  with  the  sulphate  and  chloride 
cells  previously  examined  (§  178  and  §  186).  The  following 
readings  were  obtained,  the  current  passing  in  the  opposite 
direction  to  that  calculable  from  the  relative  heats  of  forma- 
tion of  zinc-  and  aluminium-bromide  solutions  in  the  first 
case,  but  in  the  normal  direction  in  the  second  case  : — 


Zino-Aluminiam. 

Cadmium- Aluminium. 

M^AxinnuTTi  .t. t.„..r 

-•323 
-•278 
-•296 
±•007 

1+   +   +   + 

Minimum   ...,., 

Ayerage 

Probable  error  

These  numbers  lead  to  the  following  valuations  for  the 
voltaic  constant  for  bright  aluminium  in  bromide  solution 
•25  AljBrj  100  HjO  :— 

VOL.  VI.  2  D 
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Zinc-aluminium +'296 

Zinc-cadmium— Aluminium-cadmiums  _.n22  f  =  +'293 

Mean  ....     +-295 

the  constant  being  of  +  sign,  since  aluminium  actually 
acquires  the  higher  potential,  although  it  might  a  priori  be 
expected  to  acquire  the  lower  potential. 

Julius  Thomson's  thermochemical  data  lead  to  the  value 
Alj,  Br,  aq.=  136680;  whence  Eh  =  —  1-008  volt,  corre- 
spending  with  45720  gramme-degrees.     Consequently 

E-Eh=+-295-(-.1-008)=-H-303; 

t.  e.  the  thermovoltaic  constant  for  bright  aluminium  in 
bromide  solution  •25AlfBr2  100  H^O  is  a  large  positive 
quantity,  slightly  greater  than  that  found  with  the  corre- 
sponding chloride  solution,  viz.  +1*288. 

F.   Voltaic  and  ThermovoUaie  Constants  of  Metals  immersed 
in  Solutions  of  their  Iodides, 

I.  Cadmium, 
203.  The  following  values  were  obtained  with  a  number  of 
cells  set  up  with   amalgamated   zinc  and   electro-cadmium 
immersed   in  solutions  of  their  iodides  of  strength  *25  MI| 
100  H2O  :— 

Maximum '326 

Minimum    .     •  .     .       '320 

Average '322 

Probable  error  ±'0008 

Julius  Thomson  finds  the  heat-values  for  this  strength  of 
solution  are  Zn,l2,aq.=:  60540,  and  Cd,l2,aq.= 47870;  whence 
Eh  =  '279  volt,  corresponding  with  12670  gramme-degrees. 
Hence  E— Eh  =+'043;  t.  ^.  the  thermovoltaic  constant  for 
cadmium  in  iodide  solution  of  strength  '25  Cdl^  100  H5O  is 
positive  in  sign  but  not  large  numerically.  It  is  noteworthy 
that,  with  the  corresponding  bromide  and  chloride  solutions, 
the  values  were  negative,  viz,  —•023  and  —•036  respectively; 
the  bromide  value  being  thus  intermediate  between  the  chloride 
and  iodide  values. 
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II.  Silver. 
204.  The  following  numbers  were  obtained  with  cells  set 
up  with  electro-silver  immersed  in  a  magma  of  freshly  preci- 
pitated well-washed  silver  iodide  suspended  in  zinc-iodide 
solution,  and  opposed  to  amalgamated  zinc  or  electro^cadmium 
in  their  respective  iodide  solutions^  the  solution-strength  being 
uniformly  "25  MI,  100  HgO. 


Zinc-SilTer. 

Cadmium-SilTer. 

Mftximum  ............... 

•713 

•696 
•7055 
±0028 

•393 

•374 

•384 

±•0080 

T^ininiuni 

Average 

Probable  error  

Zinc-cadmium  +  Cadmium-silver 


{ 


These  values  lead  to  the  following  valuations  of  the  voltaic 
constant  for  electro-silver  in  contact  with  this  magma  : — 
Zinc-silver '7055 

Mean   ....       -736 
Since   Thomsen   finds   Ag,,  12=27600,  the  value   of  Eh 
is  '726  volt,   corresponding   with   32940   gramme-degrees : 
hence  E~Eh= -020. 

On  comparing  this  value  with  those  found  for  silver  bromide 
suspended  in  zinc-bromide  solution  and  for  silver  chloride 
suspended  in  zinc-chloride  solution,  all  of  the  same  strength 
•25  ZnXj  100  HsO,  viz.  —'099  and  —•112  volt  respectively,  it 
is  noticeable  that  the  direction  of  variation  is  the  same  as  that 
observed  in  the  analogous  cases  for  cadmium,  the  bromide 
value  being  intermediate  between  the  chloride  and  iodide 
values,  the  last  being  algebraically  the  greatest. 

III.  Mercury, 
205.  Cells  were  set  up  with  mercury  in  contact  with  freshly 
precipitated  mercurous  iodide  suspended  in  zinc-iodide  solu- 
tion, and  opposed,  firstly,  to  amalgamated  zinc  in  zinc-iodide 
solution,  and,  secondly,  to  electro-silver  immersed  in  a  magma 
of  freshly  precipitated  silver-iodide  and  zinc-iodide  solution, 
the  solution-strength  being  uniformly  '25  Znl2  100  H^O. 
The  following  values  were  obtained  : — 

2d2 
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Zino-Mercury. 

Mercuiy-SilTer. 

Muiinfiiim  - t  ^  r , 

•806 

•797 

•800 

±•0013 

-•092 
-•101 
—096 
±•0014 

Arerage 

PK>bable  errof  

the  current  passing  in  the  latter  cjase  in  the  direction  opposite 
to  that  predicable  from  the  relative  heats  of  formation  of  silver 
and  mercurons  iodides.  From  these  values  the  following 
valuations  result  for  the  voltaic  constant  of  mercury  in  contact 
with  mercurons  iodide  suspended  in  '25  Znl,  100  HjO  : — 

Zinc-mercury '800 

Zinc-silver— Mercury-silver -J    ,  .aq/?  f     '802 

Mean  .  .  .  '801 
Julius  Thorasen  finds  that  Hgj,  Is =48440  ;  whence  Eh  = 
•267  volt,  corresponding  with  12100  gramme-degrees.  Hence 
E— Eh=  +'534 ;  u  e.  the  thermo  voltaic  constant  for  mercury 
in  contact  with  a  magma  of  mercurons  iodide  suspended  in 
•25  Znl,  100  HjO  is  a  large  positive  quantity,  as  similarly 
found  for  mercury  in  contact  with  mercurous-bromide  and 
zinc-bromide  solution  and  with  mercurous-chloride  and  zinc- 
chloride  solution  of  the  same  solution-strength,  these  latter 
two  values  being  respectively  +'472  and  +'458.  So  that 
the  bromide  value  is  intermediate  between  the  values  for 
chloride  and  iodide;  whilst  the  direction  of  variation  with  the 
three  halogens  is  the  same  as  that  observed  both  with  cadmium 
and  with  silver,  viz.  that  the  iodide  value  is  algebraically  the 
greatest. 

IV.  Lead. 
206.  The  very  sparing  solubility  of  lead  iodide  rendered  it 
impracticable  to  obtiiin  good  readings  with  cells  set  up  with 
aqueous  solutions  of  that  salt.  Accordingly  a  magma  of  lead- 
iodide  and  zinc-iodide  solution  of  strength  '25  Znlj  100  HjO 
was  employed  to  surround  the  electro-lead  plates  used,  opposed 
in  one  set  of  experiments  to  amalgamated  zinc  in  the  same 
zinc-iodide  solution,  and  in  another  set  to  mercury  immersed 
in  a  magma  of  mercurons  iodide  suspended  in  the  same  zinc- 
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iodide  solution.  The  following  values  were  obtained^  the  degree 
of  concordance  being  distinctly  less  than  with  most  of  the  other 
combinations  examined  : — 


j       Zino-Lead. 

1 

Lead-Meroury. 

Maximnin 

•489 

•418 

•456 

±•009 

—317 
—379 
—347 

±008 

Minimum  

Ayerage 

Probable  error  

The  lead-mercury  cells  gave  a  current  in  the  direction 
opposite  to  that  deducible  from  the  relative  heats  of  formation 
of  zinc  and  mercurous  iodides. 

From  these  numbers  the  following  valuations  of  the  voltaic 
constant  result : — 

Zinc-lead '455 

Zinc-mercury  4- Mercury-lead -J  ^.o^y  j- ='454 

Mean     ....     *455 
Julius  Thomsen  finds  Pb,  I, =39800;  whence  Eh  =  '457. 
Hence  the  thermovoltaic  constant  for  electro-lead  immersed 
in  a  magma  of  lead  iodide  suspended  in  '25  Znlj  100  HgO  is 
a  minute  negative  quantity,  viz.  —'002. 

This  value  and  those  above  found  for  electro-lead  in  contact 
with  saturated-chloride  and  bromide-of-lead  solutions  respec- 
tively, viz.  —•222  and  —•235,  are  not  strictly  comparable, 
since  the  solution-strength  was  not  the  same  throughout ; 
whilst  a  magma  containing  zluc-iodide  solution  was  used  for 
the  iodide  cells  Lnd  pure  lead-salts  for  the  others,  which, 
moreover,  had  respectively  the  strengths  '05  PbCl«  100  H^O, 
and  ^037  PbBr,  100  H^O.  Probably  from  these  causes  the 
bromide  value  is  not  intermediate  between  the  chloride  and 
iodide  values,  as  might  have  been  anticipated ;  but  the  last 
value  is  algebraically  the  greatest,  as  was  found  with  cadmium- 
silver  and  mercury. 

It  is  hence  evident  that  whilst  the  thermovoltaic  constants 
of  metals  in  contact  with  their  oxy  salts  (sulphates,  nitrates, 
and  acetates)  do  not  vary  widely,  the  same  remark  is  not  true 
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for  their  halogen  salts  (chlorides,  bromides,  iodides).  In 
general  the  thermovoltaic  constant  is  decreased  (algebraically) 
by  substitution  of  bromide  for  iodide  or  of  chloride  for 
bromide  ;  although  this  rule  is  not  without  exception,  e.  g, 
in  the  case  of  iron,  where  the  values  for  '25  FeX2 100  HjO 
are  +*204  and  +'134,  where  X  represents  chlorine  and 
bromine  respectively,  the  substitution  of  chlorine  for  bromine 
thus  causing  a  notable  increase. 

Summary  of  Remits. 

207.  The  experiments  above  described  lead  to  the  general 
conclusion  that  electromotors,  consisting  of  voltaic  cells  in 
which  two  different  metals  are  surrounded  by  solutions  of 
corresponding  salts  respectively,  are  capable  of  generating 
electromotive  forces  which  (when  not  depreciated  sensibly 
below  their  maximum  value  by  giving  rise  to  currents  of 
densities  greater  than  certain  small  limiting  values)  usually 
stand  in  no  simple  relationship  to  the  chemical  auction  taking 
place  in  the  cell  during  the  passage  of  the  currrent,  or  to  the 
heat-evolution  taking  place  during  that  passage,  or  to  the 
heats  of  formation  of  the  two  solutions  electrolyzed.  The 
values  of  the  maximum  E.M.F.'s  thus  generated  may,  however, 
be  deduced  within  very  close  limits  of  accuracy  by  taking  the 
algebraic  difference  between  certain  numerical  values  or 
voltaic  constants  assigned  to  each  metal  in  contact  with  each 
given  solution,  these  values  varying  slightly  according  to  the 
surface-nature  of  the  immersed  metal,  and  being  also  depen- 
dent on  the  nature  and  strength  of  the  solution  of  metallic 
salt  in  contact  with  the  metal,  and  probably  also  varying  with 
the  temperature,  but  being  otherwise  actually  constant. 

Further,  these  maximum  E.M.F.  values  may  be  connected 
with  the  difference  in  heat  of  formation  between  the  two 
solutions  electrolyzed  by  supposing  that  tlie  total  difference  of 
potential  set  up  is  due  to  two  superposed  causes: — one,  the  heat- 
evolution  due  to  the  difference  in  heat  of  formation  of  the  two 
solutions,  which  tends  to  make  the  metal  immersed  in  the 
electrolyte  of  lesser  formation-heat  acquire  the  higher  potential 
(like  the  copper  plate  of  a  Daniell  cell)  ;  the  other,  a  thermo- 
voltaic action  akin  to  the  modus  operandi  of  an  ordinary 
thermovoltaic   couple,    in    virtue   of  which  a   difference   of 
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potential  is  set  up  expressible  by  the  algebraic  difference 
between  two  numerical  values,  or  themiovoltaic  constants^ 
assignable  to  each  metal  respectively,  the  which  values  vRvypari 
passu  with  the  variations  in  the  corresponding  voltaic  con- 
stants. This  thermovoltaic  action  being  expressible  by  ki—k^, 
and  the  first  source  of  potential-difference  being  indicated  by 
Eh,  the  total  difference  of  potential  set  up  is 

E=Eh+*,-A2, 
where,  if  ii— ij  be  materially  different  from  zero  (which  is  most 
frequebtly  the  case),  the  value  of  E  will  differ  materially  from 
that  of  Eh,  exceeding  or  falling  short  of  it  according  as  ki—k^  is 
positive  or  negative  in  sign  with  respect  to  Eh*  In  the  latter 
case,  if  ki^k^  be  numerically  greater  than  Eh,  the  direction 
of  the  current  actually  generated  is  the  reverse  of  that  predi- 
cable  from  the  relative  heats  of  formation  of  the  electrolytes. 
208.  The  following  Table  furnishes  a  brief  epitome  of  the 
mean  values  of  the  voltaic  and  thermovoltaic  constants  deduced 
above  for  various  metals  and  fluids  at  a  temperature  within  a 
very  few  degrees  above  or  below  18°  C;  the  solutions  surround- 
ing both  plates  being  of  equal  strength  {m  zinc-salt  molecules 
per  100  water  molecules),  the  plate-surfaces  being  freshly  amal- 
gamated ones  for  nine  (standard),  bright  fused  metal  for  iron, 
magnesium,  and  aluminium,  and  freshly  electro-coated  plates 
in  all  other  cases. 


Metal. 

Surrounding  Fluid. 

m. 

Voltaic 
constant. 

^H. 

Thermovoltaic 
constant. 

GOPPKR    

Gadmivm    ... 

Sulphate    

•1  to  2-25 

•25  to 80 
•25 

•25 
•25 
*25 

•1  to  50 

•25 
•25  to  8-0 

•26 

•25 

f  lll4inva-,1105inYa-  " 
1      riable.          riable. 
1066  to  1109 1-105  to  1100 

+•009 

-•039to+-a)r» 
-020 

+•061 
-•037 
-050 

+  005  to  --010 

-005 
-•036to+-045 

—023 

+•043 

Nitrate  

Acetate  

1-091 

1099 

1001 

•988 

•362  to  -367 

•352 
•330  to  -262 

•315 

•322 

rill 

►     1038    • 
/                       k 

•357  to  867 

•357 
366  to -240 

•338 

•279 

Ohloride :  Gu^Gl^  suspen- 
ded in  GuGl,  solution ; 
or  GuGlj  solution  alone 

Ghloride :  Gu„Gl,  suspen- 
ded in  Gddlo  solution. 

Ghloride:  Gu«GL, suspen- 
ded in  ZnGl,  solution. 

Sulphate 

Nitrate  

Ghloride 

Bromide 

Iodide    
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Table  {continued). 


MetaL 


Surrounding  Fluid. 


Voltaic 
conBtant. 


ThennoToltaio 
oooBtant. 


SiLYI 


LSAD 


Irok 


MXKCUXT    ... 


MAGHBBIinf. 


ALUMINnTM... 


Sulphate 
Nitrate  .. 


Acetate  

Ohloride:  AgOl  suBpen- 
ded  in  ZnOlg  solution. 

Ohloride:  AeCl  suspen- 
ded in  OdCU«  solution. 

Chloride:  ^^ffil  suspen- 
ded in  On(^  solution. 

Bromide:  AfBr  suspen- 
ded in  ZnBr,  solution. 

Iodide:  Agl  suspended 
in  Zal^  solution 


Sulphate:  PbSO^  suspen- 
ded in  ZnSO.  solution. 

Sulphate:  PbSO« suspen- 
ded in  OdSO^  solution. 

Nitrate  

Acetate  

Ohloride 

Bi-omide 

Iodide:  Pbl,  suspended 
in  Ziil,  solution , 


Sulphate., 
Ohloride.. 
Bromide.. 


Sulphate :  HgjSO^  susj^n- 
ded  in  ZnSO^  solution 

Nitrate  (mercurous) 

Chloride :  ngjCl^  suspen- 
ded in  HgCL  solution. 

Chloride :  Hg^Olg  suspen 
ded  in  CdOL  solution. 

Ohloride :  Hg^Cl,  suspen- 
ded in  ZnOl^  solution. 

Bromide :  Hg^Br,  suspen- 
ded in  ZnBr,  solution 

Iodide :  Hg X  suspended 
in  Znl^  solution 


Sulphate.. 
Nitrate  .. 
Chloride., 

Sulphate., 
Chloride.. 
Bromide.. 


•042 
•26  to  20 

•057 

•26  to  6-0 

•26 


•25 
•25 

•110  5-0 

•1  to50 

•25  to  2-0 

•25 

•05 

•037 

•25 

01  to  1-0 
•25 
•25 

•1  to  675 
•25 

•26 

•26 

•25  to  9-5 

•26 

•25 

1^0 
•26 
•25 

•6 

•26 

•26 


1-539 
1^495  to  1-566 

1-489 

1-O80tol014|l 

1-089 

1-137 

•906 

•706 

•636  to  -487 

-650  to -505 
•580  to  -691 

-607 

•691 

•571 

•455 

•432  to  -898 
-488 
•418 

1-467  to  1-514 
1-499 

1^257 

1-141 

1123  to  -988 

•972 

•801 

--725 
-•530 
-•701 


1^890 
1-890 


192  to  1-076 
1192 

1-006 
•726 


•712  to 
-704 

•759  to  -716 
•770 
•813 
-806 

•457 

•284 

•284 
•284 


+•537 
+•280 
+-295 


? 
1202 

•668 

-668  to  -536 
•600 
•267 

-1-634 
-1631 
-1-634 

-  -982 
-1-008 
-1-008 


-•351 

-305  to  --834 

Probably  near 

to  --40 

-112  to  -oe 

—  103 
-•055 
—099 
-•020 

-176  to  --217 

-•162  to  -199 
-179  to -1251 

-•163 

—•222 

-•236 

-•002 

+  148  to  +  114 
+-2M 
+  134 

Probablj  near 

+•25  to  +30 

+•297 

+•689 

+•473 

+•465  to  +-481 

+•472 

+•634 

+  -909 
+  1101 
+  -933 

+1-519 
+1-288 
+1303 
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209.  The  following  is  a  list  of  the  cells  examined;  in  which 
the  value  of  Aj— Ar^  is  opposite  in  sign  to,  and  numerically 
greater  than.  Eh  ;  so  that  the  current  actually  generated 
flows  in  the  direction  opposite  to  that  predicable  from  the  rela- 
tive heats  of  formation  of  the  electrolytes  : — 


Combination. 

m. 

E. 

^H- 

B-E^=*,-*,. 

Iron-c&dmium-gulphate   ... 

0-1  to  1-0 

-•073  to -•085 

-h  -075 

-•110  to  -148 

•25 

-167 

-h  ^082 

-  -239 

Irun-cadmium-bromide    ... 

•26 

-103 

+  ^054 

-    157 

Zino-aluminium-sulphate ... 
Zino-aluniinium-chloride . . . 

•6 

-h-637 

-  -982 

+1-619 

•25 

-f--280 

-1-008 

+1-288 

Zinc-aluminium-bromide . . . 

•25 

+•296 

-1-008 

+  1-304 

Gopper-silTer-chlonde. 

AgCl     suspended    in  • 

ZnClj  solution 

Oopper-silyer-chloride. 

•25 

-•020 

-f-  -154 

'  -  -174 

AgOI     suspended    in  . 

CdOL  solution 

Mercury -suvep-nitrate 

•25 

-•010 

■ 

,-  -164 

•26 

-■004 

-h  ^688 

-  -692 

Mercury-silYer-chloride. 
Both  suspended  in  ZnCi, 

•25 

-•046 

+  -526 

-  -571 

Mercury-silver-bromide. 
Both  suspended  in  ZnBr, 

•26 

-•066 

+  -505 

-  ^671 

Mercury-silver-iodide. 
Both  suspended  in  Znl^ 

•25 

-•096 

+  -460 

-  -556 

Mercupy-silyer-chloride. 

AgCl  suspended  in  ZnCL 
ifg^Cl,        „          CdOl, 

•25 

-•068 

^ 

-  -583 

Mercurj-silTer-cbloride. 

AgOl  suspended  in  CdCL,  > 

•25 

-038 

-  -563 

Hg,OL,        „          ZnOL,. 

-f    526 

< 

Mercury-silTei^  chloride. 

•25 

—•060 

-  •675 

Both  suspended  in  OdCls 
Mercu  ry-silvep-chloride. 

AgCl  suspended  in  ZnCl,  . 

•26 

-•167 

/ 

-   692 

Lead -mercury-chloride. 

Hg^Cl,    suspended    in   • 
Lead-mercury-oUoride. 

•06 

-•649 

+  ^145 

-  -694 

HgjOL    suspended    in  . 
Lead-mercurj-bromide. 

•05 

-•639 

-  -684 

HgsBr,   suspended    in   > 

•037 

-•402 

+  -306 

-  -708 

Lead-mercury-iodide. 
Both  suspended  in  Znl, 

•025 

-347 

-f    190 

-  -637 

210.  The  following  is  a  list  of  the  cells  examined  in  which 
the  value  of  ki—ki  is  of  the  same  sign  as  Eh  ;  so  that  the 
E.M.F.  actually  set  up  exceeds  in  namerical  value  that  pre- 
dicable from  the  relative  heats  of  formation  of  the  electro- 
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Ijtes  ;  only  those  cells  are  named  where  the  excess  is  somewhat 
considerable,  t.  e,  O'l  volt  or  upwards. 


Combination, 

1      m. 

E. 

Eh. 

£xoeaa. 

Lead-oopper-Biilphate. 
PbSO^  suspended  inZiiSO^ 
solution 

01  to  20 

01  to  20 

.  -25  to  2-0 
•26 

•05 

.0-1  to  10 
.       25 
•25 

.  1  to  5-75 

•25 

•25 
•25 
•25  to  9  5 
•25 
•25 
•25 
•25 

•25 

•25 
•25 

•05 
•05 

•577  to  •en 

•564  to  -596 

•486  to  519 

•485 
r  Irregular, 
t about -475 
•445  to  -399 

•490 

•417 

1-514  to  1457 
1-500 

1256 

M40 

1123  to  -988 

•972 

•800 

•929 

•812 

•799 

•433 
•917 

•489 
•480 

•393  to  -394 

•345  to -388 
•341 

•226 

•284 
•284 
•284 

? 

1202 

■668 

•668  to  536 
•500 
•267 

.      -302 

•097 
•443 

•379 

r-fl84to  +-217 

Lead-eopper-«ulpfaate. 
PbSO.      suspended      in 

CdSO^  solution 

Lead-copper- nitrate 

L^d-coDDor-acetate 

[+171  to  +-3oe 

+  •141  to  +  13S  . 
+•144          1 

liMul-coDtier-oliloride 

About  +-25 
+•161  to  -hll5  ' 

Zinc-iron'SulDhate 

Zinc-iron  chloride    

+-206 

Zino-iit)n-bromide    4 

+  133         1 

Zino-meraunr-sulnliafce  ..    ... 

f  Probably  aboat  I 

+•298         1 
r        +-688 

+•572 

+•452  to  +481 

Ziiio-niercurfr-nitrftt-e    

Zino-mercuiy-chloride. 
Hg^Olg      suspended      in 
HgOL,  solution 

Zinc-mercurj-ohloride. 
Hg^Ol^suspendedinCdOla 
solution 

Zino-mercury-chloride. 
Hg»CL,8uspendedinZnOl2 
solution 

Zino-mercury-bromide. 
HgjBr,     suspended      in  • 
ZnBr.  solution 

+•472 

Zino-meroury-iodide. 
Hgjlt  suspended  in  Znl, 
sol  ution 

+•533 

Oadmium-mercuiy-  chloride. 

qg^CL      suspended      in 

HgC4  solution 

'        +-627 

Cad  mium-mercury-chloride. 
Hg  CI2      suspended      in  - 
CdCL  solution 

+•510 

Cadmium-mercury-chloride. ' 

ZnCl,  solution  

Copper-mercury-nitrate  

+•497 

+  336          1 

4- -474          ' 

Lead-siWerKshloride. 
AgCl  suspended  in  ZnCl, 
solution 

+  110 

Lead-silver-ohloride. 
AgCl  suspended  in  PbCL, 
solution      

+  101 

211.  The  following  is  a  list  of  the  cells  examined  in  which 
the  value  of  ki-^k^  is  of  the  opposite  sign  to,  bnt  not  greater 
in  magnitude  than^  £h  ;  so  that  the  E.M.F.  actually  set  up  is 
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less  in  numerical  value  than  that  predicable  from  the  relative 
heats  of  formation  of  the  electrolytes  ;  only  those  cells  are 
named  where  the  deficiency  is  somewhat  considerable;  viz. 
0*1  volt  and  upwards. 


Oombination. 


I  Zinc-silTer-BuIphate ... 
I  Zino-BilYer>nitrate  ... 
I  Zino-Bilver-aoetat^  ... 
,  Zinc-silyer- chloride. 

AgCl  suspended  in 
'        solution  

Ziiio-silTer-chloride.  | 

I      AgCl  suspended  in  OdCl,  I 

solution J 

Copper-silrer-sulphate 

Cupper-silTer-nitrate 

I  Oopper-silver-acetate 


ZnOl,[ 

J 


Copper-silyer-chloride. 

AgCl  suspended  in  OuOl, 

solution 

Oadmi  um-silveivsulphate 

Zinc-lead-sulpbate. 

PbSO^  suspended  in  ZnSO^ 

solution 

Zinc'lead-sulphate. 

PbSO^  suspended  in  OdSO^ 

solution 

Zinc-lead-nitrate  , 

Zino-lead-acetate  

Zino-lead-chloride    , 

Zinc-lead-bromide    

Cadmium- lead-sulphate  

Oadmium-Iead-chloride   

Cadmium-lead-bromide  , 

Lead-siher-sulphate.  1 

PbSO^  in  ZnSO^  solution...  / 
Lead-silver-nitrate   

Lead-silTer-acetate   


Iron-lead-Bulphate.  1 

PbSO^  suspended  in  ZnSO^  I 

solution J 

Irou-copper-sulphata 

Iron-si  i?er-8iilpbate 

lrou-sil?er-ohloride.  1 

AgCl  in  ZnOla  solution J 

Zino-magnesium-sulphate    ...... 

Zino- magnesium-nitrate   

Zino-magnesium-chloride    

Copper-magnesium-eulphate  ... 

Copper-magnesium-nitrate 

Cadmium-magnesium-chloride  . 

Aluminium-copper-sulphate   ... 

Aluminium-cadmium-chloride  . 

Aluminium-cadmium-bromide  . 


•042 

25  to  20 

•057 

25  to  6-0 


1-536 

1-495  to  1-556 

1-490 

1-060  to  1-014 


•26 

•042 
•*25to2-0 

■057 


-25 

-042 

•1  to  5-0 

•1  to  50 

25  to  2-0 

•25 

•05 

•037 
*1  to  30 

-05 

•037 

-042 

25  to  2-0 

•037 

•1  to  1-0 

•1  to  1-0 
-(M2 

•25 

10 

•25 

•25 
10 

•25 

•25 

•5 

•25 

•25 


£. 


1088 

•4235 
429  to -446 

•397 

•035 

M805 

•537  to  -487 

•550  to  505 

■580  to  -591 

•608 

•591 

-571 
•173  to  133 

•260 

•256 

1003 

.914  to  -965 
f  Irregular, 
\  about  0-8 

-120  to  -112 

-685  to  715 
1103 

-592 

•724 

•531 

•702 
1-&40 
1-595 
1-030 

•578 

•050 

•022 


1-890 
1890 

? 

1192  to  1076 


M92 

'785 
•785  to  •786 

?       I 


•154 
1533 

^•712  to -704 


•759  to  -716 

•770 

-613 

•806 
•855  to  -345 

•447 

-468 

11775 

1131  to  1174 

? 

•428 

•821 
1^605 

•908 

1-634 
1631 
1-634 
2-739 
2-786 
2000 
2087 
1-374 
1346 


Deficiency. 


•354 

•395  to  -364 

Probablj  near  -40 

•116  to  ^062 


•104 

•3616 

•356  to  340 

Probably  about 

•119 
•8526 
•175  to  ^217 


•162  to  199 

^  -179  to  125 
•162 
•222 
•235 
•182  to  212 
•187 
•212 

-1746 

-217  to  -207 

Probablj  about  3 

•308  to  -316 

-136  to  106 
•502 

•316 

•910 
1100 

•932 

•899 
1141 

-970 
1-509 
1-324 
1-324 
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212.  The  following  is  a  list  of  the  cells  examined  in  which 
the  valae  of  ii— *£  is  not  numerically  greater  than  Eh,  and 
lies  within  the  limits  +  0*1  volt.  It  is  evident  that  the  numher 
of  cells  coming  into  this  category  is  only  a  fraction  of  the 
total  number  of  combinations  examined. 


Gombination. 

m. 

E. 

E„. 

DiiTereneea 

ZinC'CODDeivfiiilDhate    

•25to2-25 

r    i^ii4 

1  inrariable 

1105 
invariable 

+H)09        i 

■  ■■■  m^^    ^^^^rn^rnr^^^     9«dK&^F**«« v%^        •••t««««a 

Zinc-oopper-nitrate 

•25  to  80 

1-066  to  1-091 

1105  to  1100 

+-005to--0» 

Zinc-copper-aoetate 

•25 

1-091 

Mil 

-•020 

Zino-copper-ohloride. 

' 

' 

0u„CljBU8peudedinCuCL|  • 
sol.,  or  OuCl.^1.  alone... 

•25 

1-0985 

-I-061 

1 

OiuCljjBUBpendedinCdCIa  ► 
Bolution 

•26 

l^OOl 

>     1-038 

-037        ' 

Zinc-oopper-ohloride. 

i 

OiuGl,  suspended  in  ZnOl^  . 
solution 

•25 

•988 

• 

/ 

—050 

Zino-cadmium-0ulphate  

•1  to  50 

•862  to  -357 

•367  to  367 

+•005  to  -•010 : 

Zinc-cadmium-nitrate 

•25 

•351 

•357 

-•006 

Zinc-cadmium-chloride   

•25  to  8  0 

•380  to  -262 

•366  to  240 

-■086to-f046 

•25 

•315 

•338 

-•023 

Zinc-cadminm-iodide   

•25 

•322 

•279 

-f.OI3 

Copper-cadmium-sulphate  ... 

•1  to  20 

•752  to  ^765 

•743  to  748 

+O09to+-007 

Oopper-cadmium-nitrate 

•25 

•713 

•748 

-•035 

Copper-cadmium-ohloride. 

^ 

( 

OUjCL  in  OuCl,  soL,  or 
OuCf,  sol.  alone    

•25 

•769 

+•097 

Gopper-cadmium-chl  oride. 
OuaClj  in  OdCla  solution .  f 

•25 

•671 

.       672 

-•001 

Copper-cadmium-ohloride.   1 
Cu^Cl^  in  ZnCL  solution  .  [ 

•25 

•659 

J 

—018 

Zino-siWer-chlonde.              \ 
AgOl  in  CuCLj  solution ...  / 

•25 

1136 

1192 

-•056 

Zinc-bilTer-bromide.             1 
AgBr  in  ZnBr»  solution...  / 

Zinc-silyer-iodide.                 1 
AffI  in  Znl,  solution j 

Cadmium-silTer-chloride.     1 
AffClin  CuCl,  sol j 

•25 

•906 

1006 

—099 

•26 

•7056 

•726 

-•0205 

•25 
•25 
•25 

•807 
•761 
•761 

•826 

-•019 
-•065 
-075 

Cadmium-silYer-chloride.     \ 

AffCl  in  OdCL,  solution  ...  I 

Cadmium-si  Iyer-chloride,     \ 

AeOl  in  ZnOlj  solution  ...  J 
Cadmium-silrer  iodide.        1 

Agl  in  Zn'L  solution j 

Zino-lead-iodide.                   \ 

Pbl,  in  Znia  solution J 

/ 

•25 

•884 

•447 

-063 

•25 

•465 

•467 

—002         ' 

! 
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XXIV.  A  CapUhrif  Multiplier. 
By  A.  M.  WORTHINGTON,  M.A.* 

[Plate  XIV.  figs.  1  &  2.] 

This  little  instrament  (Plate  XIV.  fig.  1)  consists  simply  of  a 
rectangular  strip  of  platinum  foil  of  known  length  rolled 
into  a  ojlindrical  coil^  whose  successive  convolutions  are  kept 
separate  at  a  distance  of  about  2  mm.  by  means  of  a  strip  of 
glass  beads  in  the  upper  portion  of  tiie  coil.  The  lower 
edges  of  all  the  convolutions  are  in  the  same  plane  ;  and  the 
instrument  when  in  use  hangs  from  one  end  of  a  balance- 
beam  with  this  plane  horizontal. 

The  liquid  whose  surface-tension  is  to  be  determined  is 
placed  below  the  coil  in  a  vessel  which  can  be  raised  till 
the  free  surface  touches  the  base  of  the  coil.  The  pull  now 
exerted  on  the  coil  is  measured  by  weights  placed  in  the 
other  pan  ;  and  these  weights  afford,  when  certain  precautions 
shortly  to  be  mentioned  are  taken,  an  accurate  measure  of  the 
surface-tension  of  the  liquid. 

The  method  is  really  that  used  twenty  years  ago  by  Wil- 
helmy t,  aud  more  recently  by  M.  Dupr^  J,  who,  however, 
employed  only  a  single  cylindrical  sheet  of  platinum  instead 
of  a  coil,  and  an  hydrometer  instead  of  a  balance  for  measuring 
the  pull. 

The  only  novelty  lies  in  the  substitution  of  the  coil  for 
the  single  sheet,  by  which  the  sensitiveness  of  the  method  is 
increased  many-fold. 

The  principles  involved  may  be  briefly  explained  as  follows  : 
When  any  liquid  is  placed  in  a  vessel  whose  sides  it  wets,  t.  e. 
against  which  the  edge-angle  of  the  liquid  is  0^,  the  liquid  is 
raised  round  the  edge  above  the  level  of  the  free  surface, 
and  the  weight  of  liquid  so  raised  is  equal  to  the  surface- 
tension  of  the  liquid  multiplied  by  the  periphery  across  which 
the  surface-tension  acts.     When  the  periphery  (p)  is  known 

•  Read  November  22, 1884. 
t  Poggendorff*8  Annalen^  1863,  No.  6,  p.  177. 

X  See  Thiorie  vtAcam'que  de  la  OiaUur,  ptir  M.  A.  Dnpr^  (rari?,  1860) 
p.  246  et  seq. 


Digitized  by 


Google 


352  MR.  A.  M.  WORTHINGTON  ON 

and  the  weigkt  (tr)  of  liquid  raised  is  kuown^  then  the  tension 
per  unit  of  length  is  known  to  be  — . 

When  a  capillary  tube  is  used  for  measuring  the  surface- 
tension,  the  periphery  across  which  the  force  acts  is  the 
internal  perimeter  of  the  tube,  and  this  is  too  small  to  be 
capable  of  very  exact  measurement ;  while  the  weight  of  liquid 
raised  is  that  of  a  column  whose  height  can  indeed  be  accu- 
rately measured;  but  whose  sectional  area  is  again  too  small 
to  be  very  correctly  determined. 

If  a  very  wide  tube  be  used,  the  perimeter  can  be  measured 
with  much  greater  accuracy  ;  but  the  weight  of  liquid  raised 
cannot  now  be  determined  in  the  same  way  as  before,  since 
the  volume  included  between  the  surface  of  the  meniscus  and 
a  horizontal  plane  touching  its  lowest  point  is  now  an  import- 
ant part  of  the  whole  volume  raised.  But  the  weight  of  the 
liquid  raised  along  both  the  inside  and  outside  perimeters 
of  the  tube  is  equal  to  the  reactionary  pull  downwards  of  the 
liquid  on  the  tube  and  may  be  determined  by  measuring 
this  latter. 

M.  Dupr^'s  wide  cylinder  of  platinum  foil  was  simply  a 
tube  whose  inner  and  outer  perimeters  were  sensibly  equal 
and  accurately  known,  and  the  pull  across  this  perimeter 
could  be  determined  in  the  way  described. 

The  great  advantage  of  the  coil  over  the  single  sheet  is  that 
the  periphery  across  which  the  tension  acts  may  be  made 
very  great,  while  the  diameter  of  the  coil,  and  consequently  the 
quantity  of  liquid  required  and  the  area  of  its  exposed  surface, 
remains  small. 

Thus  one  of  my  coils  is  made  of  a  strip  50  centim.  long 
and  presents  a  perimeter  of  1  metre,  while  its  diameter  is 
only  3  centim.,  and  the  pull  of  water  on  this  is  about  8  grams. 

The  beads  of  which  the  strip  is  composed  for  separating 
the  convolutions  are  made  of  hard  glass,  and  strung  on  fine 
platinum  wire,  so  that  the  instrument  may  be  very  readily 
cleaned  by  heating  to  a  bright  heat  in  the  Bunsen  flame. 
The  beads  should  not  reach  within  2  or  3  centim.  of  the  lower 
edge  of  the  coil,  in  order  that  the  liquid  which  rises  between 
the  convolutions  may  not  reach  so  high  as  to  wet  the  gkss. 
If  the  consecutive  coils  are  2  millim.  apart,  then  water  (which 
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is  raised  higher  than  any  other  known  liquid )  will  attain  a 
height  of  about  '8  centim.  But  since  the  coil  is  liable  to  be 
dragged  down  into  the  liquid,  it  is  well  to  leave  an  ample 
margin. 

If  the  coil  dips  below  the  plane  surface  of  the  liquid,  there 
is  a  correction  necessary  on  account  of  the  buoyancy  of  the 
liquid.  If,  on  the  other  hand,  the  base  of  the  coil  is  raised 
above  the  free  surface,  there  is  a  traction  to  correct  for,  due 
to  the  adhesion  of  the  liquid  to  the  horizontal  section  of  the 
spiral  edge.  By  adjusting  the  level  of  the  liquid-surface 
after  it  has  wetted  the  coil  to  the  level  of  the  base  of  the  coil, 
when  the  balance-beam  is  horizontal,  the  necessity  for  these 
corrections  is  avoided.  The  thickest  foil  that  I  use  is  '0025 
centim.  thick,  and  the  correction  due  to  an  error  of  adjust- 
ment of  the  surface,  amounting  to  1  millim.,  would,  hi  a 
measure  of  the  surface-tension  of  alcohol,  amount  to  ^^^y  of 
the  whole  ;  and  it  is  easy  to  make  the  adjustment  within  much 
narrower  limits  than  1  millim. 

Method  of  Use. 

In  order  to  prevent  the  coil  from  being  dragged  below  the 
surface,  or,  on  the  other  hand,  separated  from  it,  I  find  it 
convenient  to  fix  two  stops  A  and  B  (see  fig.  2),  just  above 
and  below  the  beam  of  the  small  unmounted  balance  that  I 
employ :  two  stout  pins  stuck  in  a  cork  that  is  held  in  its 
place  by  a  rod  (as  in  the  figure)  serve  the  purpose  very  well. 

After  cleaning  the  coil  in  the  Bunsen  flame^  adjusting  its 
base  so  as  to  be  horizontal  by  means  of  the  three  suspending 
cords,  which  are  made  of  silk  and  are  provided  with  beads 
through  which  the  silk  forms  nooses  like  a  tent-rope^  and 
accurately  counterpoising,  a  block  C  is  placed  below  the 
right-hand  pan  at  such  a  height  that  the  pan  rests  on  it  when 
the  beam  is  horizontal.  Then  the  liquid  to  be  tested  is  placed 
in  a  thin  beaker,  which  stands  on  a  small  table,  whose  height 
can  be  easily  adjusted  by  a  ratchet-screw  (the  end  of  an 
optical  lantern  with  a  card  on  the  top  does  very  well).  This 
is  raised  till  the  platinum  is  wetted,  when  it  is  at  once  draAvn 
as  far  below  the  surface  (4  or  5  millim.)  as  the  position  of 
the  stop  A  will  permit.  The  pan  D  is  now  pressed  down  by 
hand  on  the  block  C  and  held  there,  while  the  level  of  the 
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liquid  surface  is  adjusted  to  the  base  of  the  coil.  Then  D  is 
released,  C  removed,  and  weights  added  to  restore  equilibrium. 

It  will  be  observed  that  the  coil  is,  by  the  process  of  putting 
on  the  weights,  gradually  drawn  out  of  the  liquid,  so  that  the 
topmost  element  of  the  elevated  liquid  will  everywhere  be  in 
contact  with  a  portion  of  the  coil  that  has  been  thoroughly 
wetted,  which  will  with  most  liquids  reduce  the  contact-angle 
to  zero. 

A  few  points  may  be  usefully  mentioned  about  the  con- 
struction of  the  coil.  To  make  the  strip  of  glass  beads  I  use 
combustion-tubing  drawn  out  to  a  diameter  of  about  2  millim. 
and  cut  first  into  lengths  of  about  20  centim.  Out  of  a 
number  of  such  pieces,  a  careful  selection  is  made  of  those  of 
most  uniform  thickness  ;  these  are  then  accurately  cut  to  a 
length  of  about  2  centim.,  and  of  the  beads  thus  made  the  strip 
is  put  together  by  passing  through  each  in  turn  in  opposite 
directions  the  two  ends  of  a  fine  platinum  wire  (size  no.  36). 
The  smoothness  of  the  glass  strip  allows  the  platinum  coil  to 
slide  within  it,  so  that  by  gentle  pressure  against  a  hard 
plane  surface  the  edges  of  the  convolutions  can  at  any  time 
be  very  accurately  adjusted  to  the  same  plane.  Other  forms 
might  doubtless  be  given  to  the  multiplier,  but  the  cylin- 
drical coil  is  the  most  compact  and  requires  for  its  use  the 
smallest  amount  of  liquid.  The  labour  of  double-threading 
the  long  strip  of  beads  is  considerable,  and  I  have  tried  to 
avoid  it  by  substituting  a  strip  of  asbestos  cardboard,  which 
would  allow  the  coil  to  be  cleansed  by  the  action  of  the  flame 
as  before.  But  though  in  other  respects  satisfactory,  the 
asbestos  very  rapidly  gains  in  weight  through  the  absorption 
of  the  vapour  of  many  liquids,  and  cannot  therefore  be  used 
unless  wrapped  in  very  thin  platinum  foil ;  but  when  so 
wrapped  it  is  troublesome  to  coil,  and  does  not  allow  the  same 
ready  adjustment  of  the  edges  of  the  coil  to  one  plane. 

Clifton  College,  Bristol, 
October  16,  1884. 
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XXV.  Note  on  a  Point  in  the  Theory  of  Pendent  Drops. 

By  A.  M.  WORTHINGTON,  M.A.  * 

[Plate  XIV.  figs.  3-6.] 

In  a  paper  on  Pendent  Drops  (Proc.  Roy.  Soc.  no.  214, 
1881)  I  explained  how,  from  a  tracing  of  the  outline  of  a 
drop  pendent  from  a  circular  base,  the  value  of  the  surface- 
tension  of  the  liquid  could  be  deduced  with  an  accuracy  that 
compared  favourably  with  that  of  any  other  method. 

The  most  difficult  part  of  the  process  is  the  measurement 
at  various  levels  of  the  inclination  of  the  tangent  of  the  curve 
to  the  axis  ;  and  I  find  that  this  difficulty  does  not  disappear, 
as  I  hoped  it  might,  when  a  photograph  of  the  magnified 
image  of  the  drop  is  substituted  for  a  tracing  made  by  hand. 

It  is  essential  to  the  success  of  the  method  to  measure  this 
inclination  at  levels  where  the  horizontal  sectional  area  of  the 
drop  is  widely  different.  Thus  in  a  drop  shaped  as  in  fig.  3 
Plate  XIV.  it  would  be  desirable  to  measure  the  inclination, 
say,  at  the  level  AB  and  again  at  the  level  CD.  Now  at  AB, 
where  the  inclination  changes  very  slowly,  its  value  may  be 
very  accuratel}^  determined  ;  but  at  CD  the  change  of  incli- 
nation is  rapid  and  its  determination  difficult. 

It  has  lately  occurred  to  me  that  the  necessity  of  finding 
the  value  of  the  inclination  at  more  than  one  level  may  be 
avoided,  while  that  level  may  be  so  chosen  that  the  tangent 
is  there  vertical  or  changes  its  inclination  very  slowly. 

Let  ADCE  (fig.  4)  represent  a  horizontal  circular  section 
of  the  pendent  drop  taken  at  any  level ;  ABC  the  generating 
curve  in  the  plane  of  the  paper ;  DBE  the  same  curve  in  a 
plane  at  right  angles  to  the  paper.  Consider  first  the  equi- 
librium as  regards  vertical  forces  of  the  mass  of  liquid  below 
the  plane  section.  We  may  equate  the  vertical  component 
of  the  surface-tension  (T)  round  the  circumference  ADCE, 
to  the  weight  (W)  of  the  liquid  below  the  section  +  the 
pressnre  on  the  area  ADCE  ;  so  that,  signifying  by  x  the 
unknown  distance  of  this  section  from  the  level  of  the  free 
surface  of  the  liquid,  and  by  A  the  weight  of  unit  volume  of 

♦  Read  November  22, 1884. 
VOL.  VI.  2  E 
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the  liquid,  we  have 

Tcosdx7rAC=W  +  7rAD^a?A.     .     .     .     (i.) 

Again,  if  we  consider  the  equilibrium,  as  regards  horizontal 
forces  parallel  to  the  plane  of  the  paper,  of  the  mass 
ABDOE,  we  see  that  the  surface-tension  acting  horizontally 
round  the  peripherj'  DBE  is  equal  to  the  hydrostatic  pressure 
on  the  area  DBE  +  the  sum  of  the  tensions  across  each 
element  of  the  semicircumference  DAE,  each  resolved  first 
horizontally  and  then  normally  to  DE.  Now  the  hydrostatic 
pressure  is  equal  to  the  area  DBE  x  density  of  liquid  x 
depth  of  the  centre  of  gravity  G  of  the  area  below  the  level 
of  the  free  surface,  and  this  depth  =  OG + x ;  and  I  have  found 
that  OG  can  be  determined  with  great  accuracy  by  cutting 
the  figure  out  of  carefully  selected  writing-paper,  and  balan- 
cing ;  again  the  sum  of  the  horizontal  tensions  across  the 
semicircumference  resolved  normally  to  DE=T8in  ^DE;  so 
that  

T  X  length  DBE  =  Tsin  tfDE+area  DBE  (CG+«)  A, 
or 

T(length  ABC  -AC  sin  e)=area  ABC  (OG+^)A ;   (ii.) 

and  from  these  two  equations  x  can  bo  eliminated  and  T 
found. 

Now  the  section  can  be  chosen  at  a  place  of  contraiy 
flexure,  where  the  value  of  cos  0  can  be  obtained  with  very 
great  accuracy  ;  or,  again,  if  the  circular  base  from  which 
the  drop  depends  be  small  enough  the  drop  will  assume  the 
form  shown  in  fig.  5,  in  which  at  a  certain  level  MN  the  curve 
is  vertical,  and  sin  5=0.  When  this  is  the  case  equation  (i.) 
becomes 

Tx7rAC  =  W  +  7rAO';pA,     ....  (iii.) 
while  (ii.)  becomes 

T  X  ABC = area  ABC(OG  +  ^)  A .     .     .     (iv.) 

The  method  here  shown  of  considering  separately  the 
equilibrium  first  of  vertical  and  then  of  horizontal  forces  is 
equally  applicable  to  sessile  drops  and  to  portions  of  liquid 
raised  by  adhesion  to  a  base,  and  brings  out  very  clearly 
many  results  which  have  hitherto  usually  been  obtained  as 
special  cases  by  rather  complicated  processes  of  integration. 

Clifton  College,  Oct.  27, 1884 
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XXVI.  The  Influence  of  an  Electric  Current  in  Modiff/ing  the 
Rate  of  Thinning  of  a  Liquid  Film,  By  Prof.  A.  W. 
Beinold,  F.R.S.,  and  Prof.  A.  W.  Ruckbr,  FM.S.* 

In  1877  the  results  of  some  experiments  made  by  us  on 
liquid  films  were  published  in  the  Proceedings  of  the  Royal 
Society  (Proc.  Roy.  Soc.,  No.  182,  1877).  One  object  of 
the  investigation  was  the  determination  of  the  electriciil 
resistance  of  the  films.  The  method  of  Wheatstone's  Bridge 
was  employed  for  this  purpose,  and  the  current  was  passed 
through  a  film  only  at  the  moment  when  an  observation  was 
required.  Under  these  circumstances  the  films  generally 
thinned  until  they  became  black;  and  we  succeeded  in  obtaining 
several  measures  of  their  resistance  when  this  colour  was  dis- 
played. Subsequently  this  method  was  abandoned  for  another, 
in  which  continuous  currents  were  passed  through  the  fihn, 
and  the  difference  of  potential  between  two  fine  wires  thrust 
into  it  was  measured  by  an  electrometer,  and  compared  with 
that  between  two  other  points  in  the  same  circuit  separated 
by  a  known  resistancef. 

Although  in  many  respects  a  great  improvement,  this  method 
was  in  one  point  inferior  to  that  previously  employed.  The 
behaviour  of  the  films  was  very  irregular  when  compared 
with  that  of  those  previously  examined  by  the  galvanometer, 
although  they  were  formed  of  a  liquid  having  the  same  com- 
position. Sometimes  they  thinned  rapidly,  sometimes  slowly; 
at  one  time  the  black  would  appear  after  a  comparatively  short 
interval;  at  another,  the  film  would  persist  for  many  hours 
without  showing  a  trace  of  black.  As  at  this  time  our  atten- 
tion had  not  been  directed  to  the  possible  influence  of  the 
current  itself  in  modifying  the  rate  of  thinning  of  the  film,  no 
special  precautions  were  taken  with  regard  to  the  current, 
either  as  to  its  direction  or  intermittence  ;  but  we  now  know 
that  the  apparently  capricious  behaviour  of  the  films  observed 
on  many  occasions  was  largely,  if  not  entirely,  due  to  want  of 
method  in  managing  the  current. 

•  Read  December  13, 1884. 

t  *'  On  the  Electrical  Resistance  of  Thin  Liquid  Filma,  with  a  Revision 
of  Newton's  Table  of  Colours,"  PhiL  Trans.  1831. 
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We  have  recently  made  some  experiments  with  the  definite 
object  of  determining  the  effect  upon  a  liquid  film  of  passing 
through  it  a  current  of  electricity.  Some  of  the  results 
obtained  were  communicated  to  Section  A  of  the  British 
Association  at  the  Montreal  meeting.  We  propose  to  give  in 
this  paper  a  somewhat  more  detailed  account  of  our  obser- 
vations. 

The  liquid  employed  consisted  either  of  a  solution  of  potash 
soap  in  water,  or  of  Plateau's  liquide  glt/cMque,  containing  a 
certain  proportion  of  nitre  to  increase  its  conductivity.  The 
films  had  the  form  of  vertical  cylinders,  the  upper  and  lower 
ring  supports  being  of  platinum,  and  about  33  millim.  in 
diameter.  The  cylinders  were  generally  either  30  or  40 
millim.  long.  Occasiona%  other  lengths  were  employed. 
Three  films  were  under  examination  at  the  same  time ;  two 
being  in  one  glass  box,  the  third  in  a  separate  glass  box. 
The  two  that  were  together  were  supported  by  platinum  rings 
identically  alike  and  sharply  bevelled  at  the  edge  ;  the  edges 
of  the  supports  of  the  third  were  much  thicker  and  were 
rounded.  We  had  thus  the  means  of  ascei*taining  whether 
any  difference  in  the  behaviour  of  the  films  was  due  to  the 
form  or  thickness  of  their  supports.  No  such  difference  was 
observed. 

Each  of  the  film-boxes  was  placed  in  the  centre  of  a  water- 
tank  with  glass  sides,  in  order  to  prevent  rapid  changes  of 
temperature.  In  all  cases  the  films  were  surrounded  with 
air  saturated  with  the  vapour  of  the  liquid  of  which  they 
were  made.  The  constancy  of  the  hygrometric  state  of  the 
air,  and  that  of  its  temperature  were  indicated  respectively 
by  a  hair- hygrometer  and  a  thermometer  inside  the  glass 
case. 

The  films  were  blown  with  air  which  was  first  dried  and 
then  passed  over  some  of  the  soap  solution  in  a  wide  tube. 
The  state  of  the  air  inside  the  film  was  thus  approximately 
the  same  as  that  on  the  outside. 

In  the  earlier  experiments  a  battery  of  nine  Leclanch^  cells 
was  used,  the  electromotive  force  of  which  was  about  12  volts. 
More  recently  we  have  employed  the  current  from  a  Siemens' 
dynamo.  The  current  passed  through  a  sensitive  reflecting 
galvanometer,  the  deflection  on  the  scale  measm-ing  approxi- 
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mately  the  strength  of  the  current.     This  varied  from  about 
100  microampferes  to  half  a  microampire. 

We  began  our  experiments  by  observing  the  behaviour  of 
a  number  of  films,  each  40  millim.  long,  formed  of  potash- 
soap  solution  without  any  glycerine,  which  were  allowed  to 
thin  in  the  ordinary  way,  no  current  passing  through  them. 
In  less  than  a  minute  after  the  adjustment  of  the  film  to  the 
cylindrical  form  narrow  rings  of  colour  appeared,  and  white 
of  the  first  order  of  Newton's  rings  was  soon  seen  at  the  top, 
generally  bordered  by  a  narrow  band  of  deep  blue,  the  blue 
of  the  second  order.  The  coloured  bands  did  not  extend 
beyond  10  millim.  from  the  top,  the  rest  of  the  film  being 
colourless.  This  was  the  state  of  the  case  at  the  end  of  five  or 
six  minutes.  In  from  eight  to  fifteen  minutes  from  the  moment 
of  formation  of  the  film  a  black  ring  appeared  and  slowly 
extended  downwards.  Nine  films  were  examined,  and  all 
behaved  substantially  in  the  same  way. 

We  now  tried  the  efiect  of  passing  a  current  through  the  films. 
It  is  unnecessary  to  describe  all  the  observations  that  were 
made,  as  the  object  of  many  of  them  was  merely  to  obtain 
confirmation  of  previous  results.  A  few  typical  cases  may  be 
described. 

i.  Downward  Current,     Plain  Potash-soap  Solution. 

(1)  Film  40  millim.  long.  A  current  was  passed  through 
from  the  moment  of  its  formation.  Broad  bands  of  colour 
formed  and  spread  with  great  rapidity,  soon  occupying  the 
whole  area  of  the  film.  After  six  minutes  the  current  was 
2*6  microamperes  (m.a.).  In  eleven  minutes  there  was  a  ring 
of  black,  which  in  two  minutes  more  increased  to  3  millim. 
The  current  was  then  stopped. 

It  appears  from  this  and  a  number  of  other  experiments 
made  in  the  same  way  that  the  effect  of  the  downward  current 
is  to  promote  the  thinning  of  the  film.  The  bands  are  broader 
and  spread  out  more  rapidly  than  when  no  current  is  applied. 

(2)  A  film  40  millim.  long  had  thinned  until  2'5  millim.  of 
black  were  formed.  Next  to  the  black  came  a  band  of  deep 
blue.  A  downward  current  of  5*18  m.a.  was  applied.  The 
blue  changed  to  white,  the  black  not  being  altered.  After 
nine  minutes  the  black  was  still  of  about  the  same  breadth  and 
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the  white  had  increased  to  IG  millim.,  the  current  being  now 
4*06  m.a.  In  two  minutes  after  breaking  the  circuit  the  white 
had  changed  to  black,  the  extent  of  which  had  become  19 
millim.,  i.  e.  nearly  half  the  length  of  the  film. 

The  change  from  white  to  black  in  an  experiment  such  as 
this  is  very  striking  :  the  black  does  not  begin  at  the  top  and 
spread  downwards  as  might  have  been  expected,  but  the  whole 
area  of  the  white  passes  by  insensible  gradations  into  black, 
and  it  is  difficult  to  say  at  times  whether  it  is  black  or  white. 
This  intermediate  condition  between  black  and  white  can 
generally  be  obtained  by  accelerating  the  thinning  of  a  film 
by  a  downward  current  until  white  has  been  formed,  and 
then  breaking  the  circuit  and  leaving  the  film  to  itself. 

This  and  similar  observations  show  that  a  downward  current 
has  the  remarkable  effect  of  rapidly  thinning  that  part  of  the 
film  which  is  thicker  than  the  black;  but  does  not  necessarily 
affect  the  latter.  The  film  is,  however,  put  into  such  a  con- 
dition that,  on  the  cessation  of  the  current,  the  development  of 
the  black  proceeds  at  a  rapid  rate. 

(3)  A  film  40  millim.  long  had  a  ring  of  black  2*5  millim. 
in  breadth  at  the  top.  A  downward  current  of  6*2  m.a.  was 
applied.  In  one  minute  the  black  entirely  disappeared,  being 
replaced  by  white.     The  current  rose  to  6*5  m.a. 

The  conditions  in  this  case  appear  to  be  nearly  the  same  as 
in  the  last.  In  each  there  are  2*5  millim.  black,  and  the 
strength  of  current  applied  is  about  the  same.  Never- 
theless in  the  latter  the  effect  is  to  destroy  the  black  and 
increase  the  conductivity  of  the  film. 

This  is  to  be  explained  as  follows : — When  a  film  is  formed 
between  metal  supports,  the  thin  portion  of  the  film  is  not 
immediately  in  contact  with  the  metal.  There  is  between 
them  a  thick  ring  of  liquid  of  variable  length,  and  from  this 
the  film  proper  hangs.  As  the  film  thins  this  massive  ring  of 
liquid  is  maintained  more  or  less  unaltered.  Experiments 
were  made  with  supports  of  various  materials,  shapes,  and 
thicknesses,  with  the  object  of  determining  whether  these  had 
any  marked  effect  on  the  mode  or  rate  of  thinning  of  the  films. 
Glass,  iron,  and  platinum  have  been  used,  and  the  edges  of  the 
supports  made  thick  and  rounded  or  finely  bevelled.  Although 
a  thick  and  rounded  edge  would  support  a  larger  quantity  of 
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liquid  than  a  sharp  edge,  the  thinning  of  the  films  seemed 
little  influenced  by  these  modifications.  When  therefore  a 
downward  current  is  passed  through  a  film  having  a  certain 
area  of  black  immediately  depending  from  a  ring  of  thick 
liquid,  the  current,  carrying  matter  with  it,  soon  floods  the 
black  with  liquid  and  causes  it  to  appear  first  grey  and  then 
white,  its  thickness  and  therefore  its  conductivity  increasing. 
In  the  same  way  may  be  explained  the  fact  that  when  a  down- 
ward current  flows  through  a  film  from  the  moment  of  its 
formation,  although  the  film  thins  more  or  less  rapidly  to  the 
white  of  the  first  order,  it  generally  does  not  show  the  black 
so  soon  as  it  would  have  done  if  no  current  had  been  flowing. 
So  long  as  a  thick  liquid  fringe  remains  on  the  upper  support, 
liquid  is  being  carried  downwards  and  the  film  prevented  from 
thinning  beyond  a  certain  limit.  As  soon  as  the  circuit  is 
broken  this  downward  passage  of  liquid  ceases,  and  the  white 
of  the  first  order  rapidly  thins  to  black.  The  fact  that  the 
current  sometimes  does  and  sometimes  does  not  destroy  the 
black  may  be  understood  by  reflecting  that  the  increase  or 
decrease  in  the  thickness  of  any  part  of  the  film  depends  upon 
whether  the  quantity  of  matter  carried  into  it  exceeds  or  falls 
short  of  that  transported  away  from  it  in  the  same  time.  Since 
both  these  efiects  are  produced  in  part  by  gravity  and  in 
part  by  the  action  of  the  current,  and  are  also  probably 
modified  by  the  thickness  of  the  different  parts  of  the  film, 
it  is  possible  that  very  slight  difierences  in  the  conditions  of 
the  experiment  may  determine  which  of  the  two  shall  obtain 
the  predominance. 

(4)  Film  30  millim.  long.  A  downward  current  of  24  m.a. 
applied  from  the  beginning.  In  ten  minutes  the  white  ex- 
tended more  than  halfway  down,  and  the  current  fell  to  2*5  m.a. 
The  circuit  was  then  broken.  The  white  turned  to  black  so 
rapidly  that  in  less  than  one  minute  the  entire  transformation 
was  efiected. 

In  this  case,  the  film  being  shorter,  the  same  battery*  gave 
a  stronger  current,  and  the  changes  due  to  the  current  were 
accelerated. 

We  will  now  describe  a  few  typical  cases  of  the  action  of 
an  upward  current. 
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ii.   Upward  Current.     Plain  Potanh-soap  Solution. 

(1)  Film  40  millim.  long.  Current  (9*2  m.a.)  applied 
from  the  beginning.  In  twenty-four  minutes  there  was  a 
narrow  band  of  whit.e  at  the  top  succeeded  by  a  narrow  band 
of  indigo-blue.  Faint  uniform  tint  below.  The  film  was 
left  for  three  quarters  of  an  hour,  but  no  black  appeared. 
The  current  fell  to  1*95  m.a.  We  have  evidence  here  of  the 
retarding  action  of  the  current,  as  the  film  would  have  ex- 
hibited black  in  ten  or  twelve  minutes  had  there  been  no 
current.  The  current  was  too  feeble  to  produce  more  marked 
changes. 

(2)  Film  40  millim.  long.  There  were  3  millim.  of  black 
and  3  millim.  of  white  immediately  below.  An  upward 
current  of  4' 9  m.a.  was  used.  The  lower  edge  of  the  black 
became  blurred  and  indistinct,  and  in  two  minutes  the  black 
had  disappeared,  white  taking  its  place.  The  current  rose  to 
5*32  m.a.  The  circuit  was  then  broken.  Three  millim.  of  black 
having  been  formed  in  seven  minutes,  the  current  was  again 
put  on  (C=4'2  m.a.).  The  fuzziness  at  the  edge  reappeared 
at  once,  and  in  two  minutes  the  black  was  all  gone.  The 
current  rose  to  4*62  m.a. 

(3)  Film  19  millim.  long,  entirely  black  from  top  to  bottom. 
Upward  current  of  3'12  m.a.  put  on.  In  thirty-eight  minutes 
the  current  rose  to  4*23  m.a.,  and  the  film  was  white  through- 
out. 

(4)  Film  30  millim.  long.  Black  appeared  in  ten  minutes. 
When  it  had  increased  to  5  millim.  the  circuit  was  completed. 
C  =  5*05  m.a.  In  one  minute  all  the  black  had  disappeared, 
and  in  two  minutes  more  the  film  had  a  uniform  tint 
throughout,  while  the  current  rose  to  14*5  m.a; 

(5)  Film  30  millim.  long.  Upward  current  passed  through 
from  the  beginning.  It  was  not  measured  at  first,  but  after 
five  minutes  its  strength  was  20  m.a.  This  increased  to  28*5 
m.a.,  which  was  maintained  for  several  minutes,  after  which 
it  slowly  fell.     The  film  was  colourless. 

The  ring  of  liquid  on  the  upper  platinum  support  was  seen 
to  increase  in  thickness  and  to  become  wavy  along  its  lower 
edge.     Pendent  drops  were  formed,  pointed  at  the  bottom, 
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and  hanging  from  the  liquid  fringe. 
From  the  points  of  the  drops  tiny 
streamlets  were  seen  flowing  down  the 
film.  This  is  a  very  remarkable  experi- 
ment. The  up-current  not  only  retards 
the  thinning,  but  actually  increases 
the  thickness  of  the  film.  The  strength 
of  the  current  was  not  observed  at 
first;  but  from  the  moment  when  it 
was  observed  until  it  reached  its  maxi- 
mum it  increased  by  over  40  per  cent., 
and  the  thickness  of  the  film  must 

have  increased  in  nearly  the  same  proportion.  In  opposition 
to  gravity  the  current  carries  liquid  to  the  top  of  the  film, 
where  it  accumulates  and  from  which  it  descends  in  liquid 
veins. 

The  phenomena  mentioned  above  recurred  in  several  other 
films  similarly  treated.  In  some  cases  the  film  lasted  long 
enough  after  the  circuit  was  broken  for  black  to  be  formed 
and  to  extend  to  a  considerable  depth ;  and  the  curious 
spectacle  was  exhibited  of  pendent  drops  of  thick  colourless 
liquid  penetrating  through  the  black  to  a  distance  varying 
from  ^  millim.  to  9^  millim. 

(6)  Film  30  millim.  long.  When  the  black,  which  appeared 
in  ten  minutes,  had  increased  to  14  millim.  a  current  was 
passed.  C=1'9  m.a.  In  five  minutes  the  black  was  reduced 
to  8  millim.,  and  then  the  film  broke.  This  shows  that  even 
a  feeble  current  is,  at  certain  stages  of  a  film^s  existence, 
sufficient  to  destroy  the  black. 

(7)  The  last  case  we  may  mention  was  one  in  which  two 
films,  each  30  millim.  long,  were  formed  side  by  side.  The 
current  from  the  battery  was  divided  and  passed  up  one  and 
down  the  other  film.  The  efiect  was  most  striking.  In  twelve 
minutes,  when  one  of  the  films  broke,  there  were  15  millim. 
of  black  in  the  one,  while  the  other  was  thick  and  colourless 
and  liquid  was  streaming  from  the  top  of  it. 

The  experiments  cited  above  were  made  with  a  solution  of 
potash-soap  (Brit.  Pharm.)  without  any  glycerine.  The  ad- 
vantage of  using  such  a  solution  is  that  the  films  formed  with 
it  grow  thin  with  tolerable  rapidity,  and  in  the  course  of  two 
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or  three  hours  several  films  may  be  observed  with  each  appa- 
ratus. Similar  experiments  were  carried  out  with  liquide 
glycMque  (made  both  with  oleate  of  soda  and  potash-soap). 
The  results  were  identical  in  kind  with  those  enumerated 
abovO;  but  very  difierent  in  degree.  Films  made  with  ihis 
solution  are  very  persistent^  but  thin  slowly.  Generally  three 
or  four  hours  ekpsed  before  any  black  appeared ;  and  when  a 
current  was  passed  through,  its  efiect  was  not  80  promptly 
manifested  as  in  the  case  of  the  plain  soap  solution.  13ie 
addition  of  nitrate  of  potassium  may  be  partly  accountable  for 
this  sluggishness,  for  it  certainly  increases  the  viscosity  of  the 
Uquid.  Nevertheless  a  great  number  of  films  made  of  the 
glycerine  solution  were  observed,  with  currents  flo¥ring  up 
or  down.  The  efiect  of  the  downward  current  was  invariably 
to  promote,  of  the  upward  current  to  retard,  the  thinning  of 
the  film. 
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PROCEEDINGS 


MEETINGS  OF  THE  PHYSICAL  SOCIETY 

OF  LONDON. 

SESSION  1884-85. 


February  9tli,  1884. 
Dr.  F.  Guthrie,  President,  in  the  Chair. 

The  following  communication  was  made  : — 

"  On  the  Phenomena  presented  by  Bodies  when  highly  illuminated 
in  Dusty  Air.''    By  Dr.  0.  J.  Lodqk  and  Mr.  J.  W.  Clark. 


February  23rd,  1884. 
Dr.  F.  Guthrie,  President,  in  the  Chair. 
The  following  were  elected  Members  of  the  Society : — 

E.  F.  J.  Love;  Jaxeb  Grundy;  Rev.  F.  J.  Smith,  B.A.; 
F.  R.  Barrrll,  B.A. 
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The  following  communioationB  were  made : — 

**  On  the  Adjustment  of  Resistance-Coils  ;'*  and  "  On  a  Modified 
Resistance-Balance."    By  Prof.  S,  P.  Thompson. 

"  On  the  Difference  of  Potentials  required  to  give  Sparks  in  Air.'^ 
By  Prof.  G.  Caret  Foster  and  Mr.  A.  H.  Fisok. 

*•  On  some  Experiments  w'ith  a  Magnetized  Watch."  By  Prof.  G. 
Forbes. 


March  8th,  1884. 
Dr.  F.  GrTHRiE,  President,  in  the  Chair. 

The  following  communications  were  made  : — 

''  On  the  Electrochemical  Equivalent  of  Silver,  and  the  Absolute 
E.M.F.  of  a  Clark's  Cell."     By  Lord  Ratleigh. 

'*  Experiments  illustrating  an  Explanation  of  Hall's  Phenomenon." 
By  Mr.  Shelford  Bidwell. 


March  22nd,  1884. 
Dr.  F.  Guthrie,  President,  in  the  Chair. 
The  following  communications  were  made : — 

"  On  an  Explanation  of  Hall*s  Phenomenon."  By  Prof.  S.  P. 
Thoupson  and  Mr.  C.  C.  Starling. 

"  Note  on  Hall*s  Phenomenon."    By  Mr.  Herbert  Toxijksok. 

**  On  Hairs  Effect  in  Tin,"    By  Mr.  Shelpord  Bidwell. 

"  On  some  Properties  in  Electromagnetics."  By  Prof.  S.  P. 
Thompson  and  Mr.  W.  M.  Moorsom. 


April  26th,  1884. 

Dr.  F.  Guthrie,  President,  in  the  Chair, 

The  following  were  elected  Members  of  the  Society  : — 

Richard  Inwards,  F.R.A.S.  ;  Arthur  Prince  Chattock. 

The  following  communications  were  made  : — 

**  On  the  Indicator-Diagram  of  a  Gas-£ngine."     By  Profs.  Atrton 
and  Fbrrt. 

"  On  a  Metrical  Barometer,"     By  Dr.  W.  H.  Stone. 
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May  10th,  1884. 
The  Meeting  was  held  in  the  Mason  College,  Birmingham. 
Dr.  F.  GuTHBiB,  President,  in  the  Chair. 
The  following  were  elected  Members  of  the  Society  : — 

W.  Stbpitet  Rawson,  M.A.  ;  Lieut.  E.  J.  W.  Slade,  E.N. 
The  following  communicationB  were  made  : — 
"  On  an  Illustration  of  the  Refraction  of  Waves."     By  Prof.  J,  H. 

POYNTIKO. 

"  On  an  Oxyhydrogen  Lantern  suitable  for  Lecture-experiments.'' 
By  Mr.  C.  J.  Woodward. 

"  On  the  Effect  of  Temperature  on  the  Mixing  of  Liquids.''  By 
Dr.  F.  Guthrie. 


May  24th,  1884. 
Prof.  W.  G.  Adams,  Vice-President,  in  the  Chair. 
The  following  was  elected  a  Member  of  the  Society ; — 

F.  C.  Phillips. 
The  following  communications  were  made :  — 

"  On  Eutexia."    By  Dr.  F.  Guthrib. 

**  On  an  Immersion-Galvanometer ;"  and  "  On  Kohlrausch's  Metre- 
Bridge  for  Alternating  Currents."    By  Dr.  W.  H.  Stone. 
**  On  a  Speed  Indicator."     By  Mr.  W.  T.  Gooldbn. 
"  6n  a  Speed  Indicator."     By  Mr.  Walter  Baily. 


June  14th,  1884. 
Dr.  F.  Guthrie,  President,  in  the  Chair. 
The  following  was  elected  a  Member  of  the  Society : — 
Arthur  Stahlet  Butler. 

The  following  communications  were  made : — 

"  On  a  new  Apparatus  for  Colour-Sensations."     By  Mr.  H.  H. 
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"  ExperimentB  on  the  Velocity  of  Sound  in  Tubes/'  By  Mr.  D. 
J.  Bljuklky. 

"On  the  Thermal  Relationship  of  Water  and  certain  Salts." 
By  Messrs.  B.  Iluotgwobth  and  A.  Howard. 


June  28th,  1884. 

Dr.  F.  Guthbie,  President,  in  the  Chair. 

The  following  was  elected  a  Member  of  the  Society  : — 
W.  S.  Hbmslet. 

The  following  communications  were  made  : — 

"  On  the  Practical  Use  of  the  Silver  Yolcameter  for  the  Measure- 
ments of  Electric  Currents."     By  Lord  RAYLBieH. 

"  On  a  Colour-mixing  Apparatus  founded  on  Double  Refraction.'* 
By  Lord  Ratleibh. 

"  On  a  Phenomenon  in  Electromagnetic  Induction."  By  Mr.  C. 
V.  Boys. 

**0n  the  Alterations  in  the  Electrical  Resistances  of  Metallic 
Wires,  produced  by  Coiling  and  Uncoiling.*'    By  Mr.  J.  Hopps. 

'*  On  the  Absolute  Determination  of  the  Electrical  Capacity  of  a 
Condenser,  and  on  a  Method  of  finding  the  Period  of  Vibration  of  a 
Tuning-fork."     By  Mr.  R.  T.  Glazbbrook. 

*'  On  a  Sunshine-Recorder."    By  Prof.  McLeod. 


November  8th,  1884.  • 

Prof,  W.  E.  Atbton,  Vice-President,  in  the  Chair. 
The  following  was  elected  a  Member  of  the  Society : — 
Kavaboee  Dadabhoy  Naboahvala. 

The  following  communications  were  made : — 

"  On  certain  Phenomena  attending  Mixture."    By  Dr.  F.  Guthbib. 
**  On  certain  Voltaic  and  Thermo-voltaic  Constants."     By  Dr.  C. 
R.  Aldeb  Weight  and  Mr.  C.  Thompson. 
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November  22nd,  1884. 
Dr.  F.  GuTHRiB,  President,  in  the  Chair. 
The  following  was  elected  a  Member  of  the  Society  ; — 

Jamss  Bbabheb. 
The  following  communications  were  made ; — 

"  On  the  Permanence  of  some  Electrical  Standards ; "  "  On  some 
Experiments  on  the  Effects  of  Moisture  in  modifying  the  Befraction 
of  Plane>Polarized  light  by  Glass; "  and  "  On  a  Spectro-Photometer." 
By  Mr.  R.  T.  Glazebbook. 

"  Note  on  a  Point  in  the  Theory  of  Pendent  Drops ;"  and  "  On  a 
Capillary  Multiplier."    By  Mr.  A.  M.  Worthtnqton. 

**  On  a  new  Solar  Eyepiece."    By  Mr.  A.  HiLeBR. 


December  13th,  1884. 
Dr.  F.  GuTHBiB,  President,  in  the  Chair. 
The  following  communications  were  made : — 

**  On  the  Influence  of  an  Electric  Current  on  the  Bate  of  Thinning 
of  a  Liquid  Film."     By  Profs,  A.  W.  Reinold  and  A.  W.  ROckeb. 

"On  a  Tuning-fork  Interrupter  and  Commutator."  By  Dr. 
W.  H.  Stone. 

<*  On  a  new  Oxyhydrogon  Lantern-Microscope."  By  Mr.  Lewis 
Weight. 


January  24th,  1885. 
Dr.  F.  GuTHBiB,  President,  in  the  Chair. 
The  following  were  elected  Members  of  the  Society  : — 

A.  Howard  ;  J.  C.  McConnel,  B.A.  ; 
A.  M.  Wobthington,  M.A.  ;  J.  RosB-lNirBS,  B.Sc. 

The  following  communications  were  made : — 

"  Lecture-Experiments  on  Spectrum  Analysis."  By  Mr.  E. 
Cleminshaw. 

"  On  an  Instrument  illustrating  the  Equilibrium  of  three  Forces." 
By  Mr.  Walter  Bailt. 

"  On  the  Poiograph."     By  Mr.  C.  H.  Hinton. 
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Annual  Qeneral  Meeting, 
February  14th,  1885. 
Prof.  r.  GuTHBiE,  President,  in  the  Chair. 
The  following  Report  of  the  Council  was  read  by  the  President : — 

In  presenting  their  Annual  Eeport  the  Council  congratulate  the 
Society  on  the  yaluable  work  which  has  been  brought  before  tho 
Meetings  during  the  past  year  in  the  43  separate  Communications 
which  haye  been  made.  New  subjects  for  investigation  have  been 
brought  forward  by  onr  President's  papers  on  Alloys  and  Mixtures, 
and  by  Professors  Beinold  and  Biicker's  communication  on  the  Effect 
of  an  Electric  Current  on  a  Soap  Film,  and  by  Mr.  Glazebrook's 
paper  on  the  Optical  Effect  of  Moisture  on  the  Surface  of  Glass ; 
while  discussions  of  unsettled  questions  of  importance  have  been 
introduced,  among  which  may  be  mentioned  that  on  Dusty  Air  by 
Dr.  Lodge,  and  those  on  Hall's  Phenomenon  by  Mr.  Bidwell, 
Professor  S.  P.  Thompson,  and  Mr.  H.  Tomlinson.  It  will, 
however,  be  a  matter  of  regret  to  Members  of  tho  Society  that  some 
of  these  communications  had  been  previously  made  elsewhere,  and 
consequently  Members  will  not  be  able  to  receive  a  Report  of  them 
in  our  '  Proceedings.'  The  Council  trust  that  it  may  become  more 
and  more  the  custom  for  our  Members  to  communicate  their 
Physical  work  in  the  first  instance  to  this  Society,  so  that  our 
*•  Proceedings '  may  become  a  fairly  complete  record  of  the  original 
work  done  in  England  in  the  Department  of  Physics. 

The  Society  held  a  Meeting  last  snmmer  in  Birmingham,  which 
gave  those  Members  who  attended  an  opportunity  of  visiting  some 
of  the  most  interesting  Manufactories  and  Institutions  of  that  town ; 
and  the  Council  desire  to  express  their  thanks  to  the  Members 
residing  there  for  the  efficiency  of  the  arrangements  which  were 
made. 

The  following  circular,  which  has  been  issued  to  Members  of  the 
Society,  explains  the  action  which  the  Council  have  t«ken  with 
respect  to  the  International  Inventions  Exhibition  : — 

•*  Phyaioal  Laboratory, 

"  South  KeDsington, 
"January  9,  1885. 

'*  Deab  Sir, — The  Members  of  this  Society  are  doubtless  aware 
that  in  the  International  Exhibition  of  Inventions  to  be  held  at 
South  Kensington  in  the  course  of  this  year,  a  prominent  position 
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will  be  assigned  to  Collections  of  Scientific  Apparatus.  It  has 
appeared  to  the  Council  of  this  Society  very  desirable  that  the 
Society  should  avail  itself  of  the  opportunity  thus  atforded  of 
exhibiting  in  a  collected  form  any  apparatus,  diagrams,  and  ap- 
pliances which  relate  to  communications  made  to  the  Society,  so  as 
to  put  in  evidence  the  work  done  by  the  Society  since  its  foundation. 
The  Council  have  accordingly  applied  for  space  for  such  an  exhibi- 
tion, to  be  held  under  their  Erection ;  and  members  are  requested  to 
send  to  one  of  the  Secretaries  of  this  Society  the  particulars  of  what- 
ever they  desire  to  exhibit.  As  the  space  at  the  disposal  of  the 
Society  is  necessarily  limited,  such  particulars  should  be  sent  as 
early  as  possible,  together  with  an  approximate  estimate  of  the  space 
required.  The  exhibition,  if  made  worthy  of  the  Society,  must 
involve  some  expense  in  arrangement  and  supervision,  the  disburse- 
ment of  which  out  of  the  ordinary  funds  of  the  Society  might 
entail  postponement  of  the  publication  of  the  books  which  the 
Society  has  undertaken  to  issue ;  and,  to  avoid  any  such  postpone- 
ment, the  Council  invite  from  members  subscriptions,  which  would 
of  course  be  purely  voluntary,  for  the  purpose  of  defra3dng  the 
additional  expenditure. 

**  Yours  faithfully. 


A.  W.  KeINOU),  1        rr  a         ♦» 

Waliee  Baut!)    ^o'^-S^- 


The  Council  are  confident  that  Members  will  cordially  assist  them 
in  their  endeavours  to  make  this  Exhibition  of  the  work  of  the 
Society  as  complete  and  satisfactory  as  possible.  The  space  allotted 
to  the  Society  is  36  feet  long  by  3  feet  deep. 

The  Librar}'  consists  of  660  bound  volumes ;  154  unbound  and 
300  separate  pamphlets.  During  the  past  Session  100  volumes  have 
been  bound,  and  about  30  are  ready  for  binding.  The  Library  has 
been  enriched  since  the  last  Eeport  by  many  valuable  gifts,  amongst 
which  may  be  mentioned  : — *  The  Memoirs  of  Coulomb,'  presented 
by  the  Physical  Society  of  France ;  '  Ronald's  Catalogue,'  presented 
by  the  Society  of  Telegraph  Engineers ;  *  The  Observatory,'  by  the 
Editor ;  Proceedings  of  the  Cambridge  Philosophical  Society,  by  the 
Society ;  *  Proceedings  '  and  *  Transactions '  of  the  Royal  Society  of 
London,  by  one  of  our  Members  ;  Proceedings  of  the  Royal  Society 
of  Edinburgh,  also  by  a  Member. 

Early  in  the  current  year  the  first  volume  of  Joule's  complete 
works  was  issued  to  the  Membere;  and  the  Society  may  justly  con- 
gratulate itself  as  having  been  the  means  of  bringing  out  a  work 
of  such  historical  importance.  The  second  volume  will  contain  the 
researches  of  Dr.  Joule  in  conjunction  with  other  scientific  men. 
The  first  instalment  of  the  copy  has  been  received  from  Dr.  Joule, 
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and  is  now  in  the  hands  of  the  printer ;  and  it  is  hoped  that  the 
volnme  will  he  issued  during  the  present  year. 

A  portion  of  the  translation  of  Yolta  has  heen  put  in  type ;  this 
must  for  the  present  he  in  aheyance  until  the  Society  meet  with  a 
person  competent  to  undertake  the  editing  of  that  already  done  and 
the  translation  of  the  rest. 

It  may  here  he  ohseryed  that  all  the  fands  which  the  Society 
can  dispose  of  for  its  reprints  will  he  ahsorhed  in  the  production  of 
the  second  volume  of  Joule.  Considering  how  large  a  numher  of 
Physicists  have  received  the  first  volume  as  Memhers  of  the  Society, 
the  sale  to  the  Public  is  not  unsatisfactory ;  and  it  is  confidently 
hoped  that  this  sale  will  continue,  and  even  increase  when  the  work 
is  complete.  The  Council  would  urge  upon  Members  the  im- 
portance of  furthering  this  sale  in  any  way  they  can,  as  on  the 
returns  thus  obtained  must  depend  the  extent  to  which  the  Society 
can  venture  in  this  direction. 

The  Council  regret  to  announce  the  deaths  of  five  Members — Mr. 
H.  R.  Droop,  Mr.  W.  R.  Browne,  Mr.  J.  F.  Iselin,  and  Mr.  R.  Angus 
Smith.. Cr-  *^^ 

Henhy  Richmond  Dboof,  who,  on  his  father's  side,  was  of  a 
North  German  family,  was  at  school  at  Marlborough  Coll^. 
Thence  he  proceeded  to  Trinity,  Cambridge.  He  took  his  Bachelor's 
degree  in  1854  as  third  Wrangler,  Mr.  Routh  and  the  late  Professor 
Maxwell  being  senior  and  second.  In  due  course  he  was  elected 
Fellow  of  Trinity,  and  appointed  a  mathematical  lecturer.  He  volun- 
tarily resigned  his  Fellowship  from  an  honjurable  scruple  at  its 
retention  when  his  private  means  enabled  him  to  dispense  with  the 
emolument  as  a  means  of  support.  His  lectureship  he  gave  up  that 
he  might  study  law.  He  became  an  accomplished  and  scientific 
conveyancer,  and  attained  as  much  practice  as  he  cared  for.  But 
his  favourite  studies  were  the  antiquities  of  Ecclesiastical  Post^ 
Reformation  Law,  and  the  theory  of  Proportional  Representation. 
On  the  former  he  was  much  consulted,  both  professionally  and  also 
as  a  friend,  by  barristers  engaged  on  the  anti- ritualistic  side.  He 
had  made  himself  a  thorough  master  of  all  the  intricate  learning  of 
the  subject.  He  took  even  a  deeper  interest  in  the  defence  of  the 
parliamentary  rights  of  minorities.  On  this  and  on  ecclesiastical 
topics  he  published  several  thoughtful  and  subtie  papers.  He  became 
a  Member  of  this  Society  in  1879 ;  and  in  the  course  of  the  long 
and  distressing  illness  from  which  he  died,  he  communicated  to  the 
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Society  the  interesting  paper  on  Colour  Blindneas,  which  is  published 
in  the  fifth  volume  of  our  *  Proceedings/  He  died  on  the  2lBt  of 
March  1884,  at  the  age  of  51, 

Walteb  EALEieH  BboW5e,  bom  in  1842,  was  the  third  son  of 
the  late  Rev,  T.  Murray  Browne,  Vicar  of  Almondsbury,  and 
Honorary  Canon  of  Gloucester  Cathedral.  He  entered  at  Trinity 
College,  Cambridge,  in  1861,  and  obtained  a  foundation  Scholarship 
in  1863.  He  took  his  degree  in  1865,  being  19th  Wrangler  and 
bracketed  10th  Classic.  While  at  Cambridge  he  obtained  the 
Wrangham  and  Leigh  Gtold  Medal  and  Prize,  and  in  two  successive 
years  the  Dealtry  and  College  Prizes  for  Greek  Testament. 

Mr,  Browne  was  elected  an  Associate  of  the  Institution  of  Civil 
Engineers  in  1868,  and  became  a  Member  in  1879.  For  a  paper  on 
"  The  Strength  of  Lock  Gates,"  read  before  the  Institution  in  1871, 
a  Telford  Premium  was  awarded  to  him,  and  in  1876  his  paper 
"  On  Railway  Rolling-Stock,"  being  placed  first  in  order  of  merit 
among  those  read  during  the  Session,  gained  a  Telford  Medal  and 
Premium. 

Having  completed  his  apprenticeship  as  an  Engineer,  he  became 
in  1874  Managing  Director  of  the  Bridgewater  Engineering  Com- 
pany ;  and  when,  two  years  later,  depression  in  trade  caused  these 
works  to  be  closed,  he  was  appointed  Secretary  to  the  Institution  of 
Mechanical  Engineers.  This  appointment  he  held  for  six  years, 
and  to  the  energy  and  ability  with  which  he  discharged  his  duties 
the  Institution  was  largely  indebted  for  the  progress  which  it  made 
during  that  period.  He  resigned  the  Secretaryship  in  1884,  and 
entered  upon  the  profession  of  a  Consulting  Engineer  under  very 
favourable  circumstances  and  with  every  prospect  of  success.  In 
August  last  he  went  with  his  wife  to  Canada  to  attend  the  meeting 
of  the  British  Association.  Shortly  after  his  arrival  at  Montreal 
he  was  seized  with  typhoid  fever,  and  inflammation  of  the  lungs 
supervening  after  a  few  days,  his  case  became  hopeless,  and  he  died 
on  September  4,  at  the  early  age  of  42  years. 

In  addition  to  the  professional  interest  which  Mr.  Browne  took 
in  matters  relating  to  Engineering,  as  evidenced  by  his  important 
communications  to  the  Institutions  of  Civil  and  Mechanical  En- 
gineers, the  Iron  and  Steel  Institute,  and  the  technical  journals,  he 
devoted  considerable  attention  to  other  branches  of  science.  He 
joined  the  Physical  Society  in  1880  ;  and  his  papers  on  "  Action  at 
a  Distance,''  '*  Central  Forces  and  the  Conservation  of  Energy," 
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"  The  Reality  of  Force,"  and  "  The  Movements  of  Glaciers,"  with 
ihe  interesting  discussions  by  which  they  were  followed,  will  be 
fresh  in  the  memories  of  many  of  our  Members.  He  was  a  Fellow  or 
Member  of  the  Geological,  Boyal  Geographical,  Philological,  Psy- 
chical Research,  Aristotelian,  and  the  Christian  Evidence  Societies. 
In  all  these  he  took  an  active  interest,  and  to  all,  as  also  to  the 
Royal  Society,  the  Society  of  Arts,  and  the  Church  Congress,  he 
contributed  valuable  papers.  Many  articles,  signed  and  unsigned, 
which  have  appeared  in  the  '  Engineer,'  *  Nature,'  *  Philosophical 
Magazine,*  *  Electrician,*  *  Athenaeum,'  *  Builder,'  and  '  Church 
Quarterly  Review,'  are  from  the  pen  of  Mr.  Browne.  He  was  the 
author  of  two  text-books  on  Mechanics ;  and  he  published  admirable 
translations  of  Clausius' '  Mechanical  Theor}'  of  Heat,'  and  Schwach- 
hofer's  *  Fuel  and  Water.' 

Mr.  Browne  was  well  known  as  a  philanthropist,  especially 
for  the  interest  which  he  took  in  the  promotion  of  emigration. 
He  was  also  an  active  member  of  the  Central  Committee  of  the 
Discharged  Prisoners'  Aid  Society. 

To  those  who  were  personally  acquainted  with  him  Mr.  Browne 
was  known  as  a  man  of  kindly  and  genial  disposition,  with  a  wide 
knowledge  extending  over  a  great  variety  of  subjects,  and  as  one 
whose  advice  and  assistance  were  always  at  the  service  of  those 
requiring  them,  no  matter  at  what  inconvenience  to  himself.  The 
bare  record  here  given  shows  how  full  of  work  and  usefulness  was 
the  life  which  has  been  cut  short. 

Robert  Henby  Sabine  was  born  at  Dorchester  in  1837.  He  was 
originally  intended  for  the  legal  profession  ;  and  was  for  some  time 
employed  in  the  office  of  his  father,  who  was  a  solicitor.  But 
having  a  distaste  for  law  and  a  marked  inclination  for  scientific 
pursuits,  he  obtained  an  introduction  to  the  late  Sir  William 
Siemens,  who  in  1858  engaged  him  as  an  assistant  electrician. 
After  two  or  three  years,  in  the  course  of  which  he  took  part  in 
some  important  experimental  work,  Mr.  Sabine  was  transferred  to 
the  establishment  of  Messrs.  Siemens  and  Halske  at  Berlin,  where  he 
was  engaged  principally  on  work  in  connection  with  submarine  cables. 
He  remained  in  the  employment  of  this  firm  until  1867,  when 
he  started  on  his  own  account  as  a  consulting  electrical  engineer. 
Shortly  afterwards  he  undertook  the  management  of  some  works 
belonging  to  Sir  Charles  Wheatstone.  These  subsequently  deve- 
loped into  the  Britbh  Telegraph  Company,  of  which  Mr.  Sabine 
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was  for  some  years  Managing  Director.  He  afterwards  resamed 
the  business  of  an  electrical  engineer,  which  he  continued  to  carry 
on  until  his  death. 

Mr.  Sabine  was  the  author  and  joint-author  of  several  important 
books  on  electrical  subjects.  Perhaps  the  most  valuable  and  best 
known  of  these  is  the  collection  of  *  Electrical  Tables  and  Formulas,' 
which  he  published  in  conjunction  with  Mr.  Latimer  Clark.  His 
work  was  mostly  of  a  practical  nature ;  but  the  '  Proceedings '  of 
the  Royal  Society  and  the  ^  Philosophical  Magazine'  contain  papers 
by  him  upon  purely  physical  subjects,  those  relating  to  the  behaviour 
of  selenium  under  the  action  of  light  being  especially  interesting. 

.  As  son-in-law  of  the  late  Sir  Charles  Wheatstone,  Mr.  Sabine  was 
able  to  give  the  Council  of  the  Physical  Society  material  assistance 
in  the  preparation  of  Wheatstone's  Scientific  Papers  for  republi- 
cation.    He  was  one  of  the  original  Members  of  this  Society. 

He  died  on  October  24,  1885,  at  the  age  of  47,  after  several 
months'  severe  illness. 

J.  F.  IsKUN  was  bom  in  Cadogan  Place,  London,  on  August  20, 
1832.  Two  years  of  his  boyhood  were  passed  in  Switzerland.  At  the 
age  of  thirteen  he  became  a  pupil  in  the  Grammar  School,  Plymouth. 
Thence  he  went  to  Corpus  Christi  College,  Cambridge,  where  he 
graduated  in  Honours  in  1855,  being  17th  Wrangler.  After  four 
years'  service  as  Mathematical  Master  in  Stockwell  Grammar 
School,  he  received  the  appointment  of  Inspector  of  Schools  under 
the  Science  and  Art  Department ;  and  he  acted  also  as  Assistant 
Examiner  in  Pure  Mathematics  in  the  years  1870, 1872,  and  1873. 
It  is  understood  that  his  reports  showed  extreme  care  and  con- 
scientiousness, and  a  great  grasp  of  the  questions  which  presented 
themselves  to  him.  His  valuable  services  were  enlisted  in  the 
organization  in  London  and  the  provinces  of  exhibitions  of  an 
educational  character.  He  became  a  Member  of  this  Society  in 
1878. 

In  March  1880  he  was  appointed  Assistant  Director  for  Science. 
He  died,  after  some  months' illness,  on  the  night  of  November  1, 
1884. 

While  the  absorbing  nature  of  Mr.  Iselin's  official  duties  prevented 
him  from  contributing  to  the  common  store  of  scientific  knowledge, 
the  very  performance  of  those  duties,  as  he  understood  them  to  be, 
has  had  indirectly  a  most  beneficent  effect  upon  Science  Teaching. 
Of  a  retiring  and  modest  disposition,  tiie  circle  of  his  friendship 
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was  small.  The  few  within  that  circle  have  lost  by  his  death  a 
single-hearted  friend.  The  cause  of  Education  has  lost  an  able  and 
most  loyal  and  valuable  servant. 

EoBEBT  Avous  Smith  was  born  near  Glasgow  in  1817.  Aftw 
passing  through  the  High  School  and  University  of  that  city,  he 
went  to  Giessen,  and  stndied  chemistry  under  liebig.  In  1842  he 
settled  at  Manchester  as  Consulting  Chemist,  and  became  the  author 
of  many  papers  on  the  air  and  water  of  towns.  In  1863  he  was 
appointed  Inspector-General  of  the  Alkali  Works ;  and  on  the  passing 
of  the  Bivers  Pollutions  Act  he  was  made  Inspector  for  England,  and 
afterwards  for  Scotland.  He  became  a  Fellow  of  the  Boyal  Society 
in  1857,  and  received  the  degree  of  LL.D.  of  Edinburgh  in  1882. 
He  was  one  of  the  original  Members  of  this  Society. 


The  Treasurer  made  the  Financial  Statement  given  below. 

The  Society  then  proceeded  to  the  election  of  Officers  and  other 
Members  of  Council  for  the  ensuing  year.  The  Council  was  con- 
stituted as  follows : — 

Presidmt.—FTof.  F.  GmrsniE,  Ph.D.,  F.R.S. 

PermanerU  Vtee-PrendenU. — ^Dr.  J.  H.  Gladstoitb,  F.R.S. ;  Prof. 
G.  C.  FosTEB,  F.R.S.;  Prof.  W.  G.  Adams,  MA.,  F.E.S.;  Sir 
WiLUAM  Thomson,  D.C.L.,  LL.D.,  F.R.S. ;  Prof.  R.  B.  Cliftok, 
M.A.,  F.R.S. 

Other  Vice-Presidents. — Prof.  W.  E.  Atrtoh,  F.R.S.;  Shelford 
BiDWELL,  M.A.,  LL.B. ;  Lord  Ratleigh,  M.A.,  F.R.S. ;  Prof.  W. 
CHAia)LEB  Roberts,  F.R.S. 

Secretaries. — Prof.  A.  W.  Rbiwoli),  M.A.,  F.R.S. ;  Walter  Bailt, 
M.A. 

Treasurer. — Dr.  E.  Atkinson. 

Demonstrator.—FTot  F.  Guthrie,  Ph.D.,  F.R.S. 

Other  Memhers  of  Council. — G.  Vernon  Boys  ;  Cokrad  W.  CoorE ; 
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Prof.  G.  FoBBES,  M.A.,  F.R.S.E. ;  Prof.  F.  Fulleb,  M.A.  ;  R.  T. 
Glazebrook,  M.A.,  F.R.S. ;  J.  Hopkinson,  M.A.,  D.Sc.,  F.R.S. ; 
Prof.  H.  McLbod,  F.R.S. ;  Prof.  J.  Pebby,  M.E.  ;  Prof.  J.  H. 
PoTNTiNG,  M.A. ;  Prof.  S.  P.  Thompson,  D.Sc. 

Votes  of  thanks  were  passed  to  the  Lords  of  the  Committee  of 
Council  on  Education ;  to  the  President  and  other  Offigbbs  of 
the  Society  ;  and  to  the  Auditobs. 
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